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THE  EVOLUTION  OF 

ENVIRONMENTAL  RESPONSIBILITY 

...  AN  ENGINEERING  VIEW 

C.W.  "Bill"  Lovell 

School  of  Civil  Engineering 

Purdue  University 

West  Lafayette,  Indiana  47907 

ABSTRACT:  The  environmental  ethic  in  engineering  has  slowly  evolved  from  viewing 
Nature  as  an  adversary,  to  Nature  as  a  partner,  to  Nature  as  a  patient,  needing  remedial 
attention.  Much  of  this  change  has  proceeded  as  a  reaction  to  obvious  environmental 
abuse  and  damage,  and  an  earlier  response  would  have  been  more  appropriate.  A  listing 
of  high  priority  environmental  issues  includes:  global  warming,  biodepletion, 
consumption,  population,  third  world  poverty,  soil  erosion,  water  shortages,  ozone 
depletion,  and  synergisms.  The  concept  of  Sustainable  Development,  which  recognizes 
that  economic  development  must  proceed  with  environmental  sensitivity  in  a  manner 
that  will  allow  future  generations  to  meet  their  own  needs,  is  a  practical  unifying  principle 
which  can  be  used  by  scientists  and  engineers.  As  an  engineer,  the  author's  principal 
interest  is  in  sustainable  technology,  to  be  specific,  in  sustainable  transportation  systems. 
An  important  consideration  in  designing  sustainable  transportation  systems  is  the  use  of 
industrial  by-products  in  construction/maintenance.  By-products  of  obvious  utility  are: 
scrap  tires,  coal  combustion  ashes,  and  spent  foundry  sands.  In  addition,  paving  materials 
should  be  reused,  as  should  much  of  the  product  of  building  demolition.  The  more 
obvious  uses  of  these  by-products  are  briefly  described  in  this  paper. 

KEYWORDS:  Environmental  issues,  industrial  wastes,  reuse/recycle,  sustainable 
development. 

PREAMBLE 

Teach  your  children  what  we  have  taught  our  children,  that  the  earth  is  our 
mother.  Whatever  befalls  the  earth,  befalls  the  children  of  the  earth.  If  we 
spit  upon  the  ground  we  spit  upon  ourselves.  This  we  know.  The  earth  does 
not  belong  to  us;  we  belong  to  the  earth... One  thing  we  know,  which  the 
white  man  may  one  day  discover,  our  God  is  the  same  God.  You  may  think 
now  that  you  own  Him  as  you  want  to  own  our  land;  but  you  cannot.  He  is 
the  God  of  All  people,  and  His  compassion  is  equal  for  all.  This  earth  is 
precious  to  God,  and  to  harm  the  earth  is  to  heap  contempt  on  its  Creator. 
So  love  it  as  we  have  loved  it.  Care  for  it  as  we  have  cared  for  it.  And  with 
all  your  mind,  with  all  your  heart,  preserve  it  for  your  children  and  love... as 
God  loves  us  all.  (Chief  Seattle,  1855) 

INTRODUCTION 

As  the  technology  available  to  society  developed,  the  ability  to  overcome 
natural  obstacles  increased.  No  river  valley  was  too  deep  or  wide  to  be  dammed; 
no  water  body  was  too  wide  to  be  bridged  above  or  tunneled  beneath;  no  mineral 
resource  was  too  remote  to  be  exploited.  The  ruggedness  or  expansiveness  of  the 
natural  scene  might  pose  enormous  technological  challenges,  but  these  challenges 
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could  be  overcome.  Nature  was  an  adversary  to  be  bested,  and  losses  accruing  to 
the  loser  were... well,  natural. 

Conscionable  technologists,  of  course,  had  canons  of  ethics  which  demanded 
that  such  activity  be  "for  the  benefit  of  Humankind."  However,  short-term  and 
localized  benefits  were  the  focus.  Scant  attention  was  given  to  the  potential 
unfavorable  effects  on  future  generations  or  to  natural  effects  which  transcended 
the  local  scene. 

The  healing  and  restoring  capacities  of  Nature  were  overestimated  or  ignored. 
Solid  wastes  were  dumped,  piled,  and  buried;  liquid  wastes  were  flushed  into 
waterways;  combustion  products,  both  particulate  and  gaseous,  were  spewed  into 
the  air.  Such  activities  could  not  be  sustained;  environmental  quality  deteriorated 
badly  over  large  geographic  regions... there  were  even  global  effects. 

Of  necessity,  the  image  of  Nature  was  slowly,  even  reluctantly,  changed  from 
Adversary  (to  be  beaten)  to  Partner  (deserving  consideration  and  cooperation). 
The  notion  of  building  with  Nature  and  of  building  to  achieve  total  and 
long-standing  social  benefit  gained  acceptance.  Assessment  of  the  environmental 
effects  (even  impacts)  of  new  building  activities  became  routine  and  were  often 
mandated.  Lest  the  argument  that  the  building  activity  should  simply  be  avoided 
always  prevail,  the  social  cost  of  not  building  was  also  estimated. 

Developments  continued  at  a  rate  and  in  a  manner  that  accrued  environmental 
damage,  until  the  set  of  environmental  issues  reached  the  current  (1994)  crisis 
level.  The  need  for  drastic  rethinking  of  economic  policy  has  lead  to  the  definition 
and  implementation  of  Sustainable  Development.  In  this  philosophy,  development 
is  adjusted  to  that  level/kind  which  admits  both  economic  growth  and  environmental 
preservation... even  some  restoration. 

In  terms  of  the  human  species,  Sustainable  Development  is  meeting  the  needs 
of  the  present  without  compromising  the  ability  of  future  generations  to  meet  their 
own  needs.  In  terms  of  the  global  ecosystem,  Sustainable  Development  is  the 
middle  ground,  where  humans  thrive  in  the  same  landscape  with  healthy 
ecological  processes,  characteristic  vegetation,  and  biological  diversity. 

Sustainable  Development  recognizes  that  an  economy  which  provides  new 
jobs  must  continue  and  rejects  the  irrational  argument  that  development  must  be 
abruptly  and  drastically  curtailed  to  "save  the  environment."  Sustainable 
Development  also  rejects  the  position  that  environmental  losses  are  imaginary  or 
overstated  and  that  we  can  proceed  with  "business  as  usual."  Sustainable 
Development  challenges  all  of  us  to  reevaluate  and  strengthen  our  fundamental 
values  and  to  rethink  our  operational  procedures,  including  routine  actions  that 
are  based  primarily  on  short-term  individual  convenience. 

ENVIRONMENTAL  ISSUES 

Humankind  is  accustomed  to  seeing  environmental  issues  one  at  a  time,  and 
they  are  formidable  enough  on  that  basis.  Recently,  ecologist  Norman  Myers 
(1994)  was  asked  to  list  the  top  10  environmental  problems.  His  list  included: 


1 .  Global  Warming 

2.  Biodepletion 

3.  Consumption 
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4.  Population 

5.  Third  World  Poverty 

6.  Soil  Erosion 

7.  Water  Shortages 

8.  Ozone  Depletion 

9.  Synergisms  (compounded  impacts) 

10.  Unknown  Unknowns  (impacts  as  yet  undiscerned). 

Space  does  not  permit  a  detailed  discussion  of  each  of  these  issues,  but  a  few  may 
warrant  particular  attention. 

Changes  of  only  a  few  degrees  in  the  planet's  average  temperature  are  able 
to  produce  profound  changes  in  its  living  environment.  For  example,  a  few 
degrees  decrease  in  the  average  temperature  was  apparently  enough  to  produce 
an  ice  age.  The  accumulation  of  carbon  dioxide  and  other  greenhouse  gases 
certainly  has  the  capacity  to  raise  the  average  temperature  a  few  degrees.  These 
accumulations,  if  continued,  will  undoubtedly  cause  global  warming.  It  is  not  a 
question  of  whether,  only  of  when. 

Many  of  the  consequences  of  warming  are  well  appreciated.  As  a  specialist 
in  the  cold  regions  of  the  planet,  I  need  to  emphasize  the  effects  of  warming  on 
the  accumulations  of  snow  and  ice  as  well  as  on  the  perennially  frozen  ground 
(permafrost).  Ocean  levels  will  rise  dramatically,  and  runoff  will  erode  and 
drastically  alter  the  terrain  near  streams.  As  the  permafrost  is  thawed  over 
enormous  areas  in  the  North,  massive  ground  subsidences  will  occur,  along  with 
countless  landslides.  Roads,  airfields,  pipelines,  and  other  human  infrastructure 
will  be  rendered  inoperable  as  the  supporting  frozen  ground  beneath  them  thaws 
and  settles.  Energy  conservation  and  the  development  of  alternate  fuels  seem  to 
be  required  to  control  the  greenhouse  effect. 

Biodepletion,  or  the  reduction  of  biodiversity,  is  proceeding  at  a  rate  which 
alarms  biologists.  Are  we  about  to  lose  one  third  to  two  thirds  of  the  Earth's 
species,  before  we  have  even  identified  their  value?  The  natural  habitats  in  which 
these  species  exist  must  be  protected  from  human  destruction  and  from  external 
factors,  such  as  the  global  warming  and  acid  rain.  To  replace  lost  species  through 
evolution  requires  millions  of  years. 

"Recycle"  is  a  much  emphasized  modern  activity,  but  it  is  actually  the  final 
environmental  step  in  the  3  "R's"  —  Reduce,  Reuse,  Recycle.  Consumption  of 
nonrenewable  resources  must,  of  course,  be  limited  not  only  for  conservation  but 
also  to  reduce  the  quantity  of  wastes  which  must  be  returned  to  the  environment. 
To  "reuse"  can  mean  to  use  with  care  and  with  proper  maintenance  to  extend  life. 
"Reuse"  also  means  storing  infrequently  used  items  so  that  they  may  be 
periodically  retrieved,  used,  and  then  stored  again. 

How  easy  is  it  to  recycle,  once  further  reuse  is  not  practical?  A  few  car 
manufacturers  are  already  fabricating  to  facilitate  recycling  through  disassembly 
and  separation  of  materials.  The  same  concept  can  be  applied  to  structures, 
replacing  the  "wrecking  ball"  with  tools  which  cut,  pry,  and  pull  components 
apart  in  the  demolition  process. 

Much  attention  is  directed  toward  recycling  domestic  wastes,  but  based  on 
quantity,  domestic  waste  rates  well  below  mining  and  industrial  wastes.  Areas  of 
carelessly  disposed  mining  wastes  must  now  be  remediated  and  reclaimed  for  a 
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secondary  use.  An  excellent  example  is  the  coal  waste  "gob  pile"  and  the  acid 
mine  drainage  which  originates  in  it.  These  areas  must  be  graded,  drained,  and 
"capped"  to  prevent  infiltration  of  rainwater  which  would  continue  to  generate 
the  acid  drainage.  Modern  regulations  require  that  mined  material  which  is  not 
marketed  be  placed  back  in  the  mined  area,  and  that  the  mined  area  be 
appropriately  graded  for  reuse. 

Population  control  seems  to  be  the  most  necessary  element  in  controlling 
environmental  problems.  Even  the  most  avid  proponent  of  Sustainable 
Development  will  readily  concede  that  the  concept  will  fail  unless  population 
growth  rates  are  sharply  reduced. 

Some  90%  of  the  world's  population  growth  occurs  in  developing  nations, 
where  it  tends  to  be  most  difficult  to  control.  There,  political  power  resides  in 
numbers,  and  outnumbered  groups  (minorities)  may  resist  efforts  viewed  as  an 
attempt  to  simply  maintain  their  minority  status.  Cultural  ethics  and  religious 
beliefs  may  effectively  mitigate  against  controlling  birth  rates.  Large  numbers  of 
women  are  currently  unable  to  make  responsible  decisions  about  family  size. 

Certainly  there  are  signs  of  hope.  The  Peoples  Republic  of  China  has  an 
effective  birth  control  plan,  one  child  per  marriage.  However,  minorities  are 
exempt,  and  the  plan  is  not  well  enforced  in  rural  areas. 

The  most  pervasive  argument  in  favor  of  birth  control  may  be  our  ability  to 
sustain  a  well-fed,  healthy  population.  Were  the  world  on  a  diet  deriving  25%  of 
its  calories  from  animal  protein,  as  is  North  America,  a  population  of  less  than 
three  billion  could  be  sustained.  For  people  on  a  vegetarian  diet  produced  using 
current  agro-technologies,  the  present  population  of  5.5  billion  is  sustainable 
(Myers,  1994).  While  our  ability  to  raise  and  distribute  food  will  undoubtedly 
continue  to  increase,  the  trend  will  lag  behind  the  projected  population  growth. 

Many  of  us  in  the  basic  or  applied  physical/chemical  sciences  relate  better  to 
the  next  three  items  on  the  critical  symptoms'  list:  soil  erosion,  water  shortages, 
and  ozone  depletion.  Soil  erosion.,  ."is  as  bad  in  parts  of  Indiana,  one  of  America's 
agricultural  States,  as  in  India"  (Myers,  1994).  Loss  of  top  soil  results  in  loss  of 
fertility;  a  downstream  effect  is  the  compromising  of  aquatic  environments  and 
water  supplies  through  siltation.  Economic  incentives  to  protect  topsoil  work  well 
in  the  US,  and  will  probably  work  elsewhere.  Hilly  terrain  is  best  kept  in 
vegetation,  including  trees,  where  rainfall  allows. 

Water  sources  are  either  surface  or  underground,  with  flow  connections,  of 
course.  Where  water  is  scarce,  it  is  expensive,  and  conservation  measures  are 
strict.  Overuse  of  surficial  supplies  is  obvious  and  tends  to  be  controlled. 
Excessive  groundwater  use  is  hidden,  and  depletion  of  major  aquifers  is  common. 
Irrigation  is  needed  for  a  substantial  part  of  global  food  production.  And,  as  more 
food  production  is  required,  water  supplies  will  be  further  stretched. 

Careless  and  unregulated  underground  disposal  of  toxic  materials  has 
contaminated  large  quantities  of  groundwater.  Industrial  and  domestic  sewage 
has  polluted  surface  waters.  Environmental  laws  and  regulations  have  sharply 
reduced  such  pollution  in  the  US,  but  in  the  former  Soviet  bloc,  abatement  has 
scarcely  begun. 
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Contaminated  waters  produce  enormous  health  problems.  Today,  more  than 
a  billion  people  suffer  shortages  of  clean  water.  Myers  (1994)  estimates  that  this 
number  will  triple  in  the  next  two  decades. 

The  ozone  layer  shields  the  earth  from  lethal  solar  radiation.  Thus,  ozone  loss 
is  a  grave  threat  to  most  living  creatures.  Ozone  losses  occur  due  to  release  of 
chemical  compounds  containing  chlorine,  including  coolants  used  in  refrigerators 
and  air  conditioners,  into  the  atmosphere.  These  chlorine  molecules  combine  with 
ozone  to  form  acid  compounds.  Substitution  for  these  harmful  chemicals  is  taking 
place;  unfortunately,  the  replacement  materials  are  more  expensive.  Will 
reduction  in  ozone-depleting  refrigerants  in  North  America  and  Europe  be 
countered  by  increases  in  Asia  and  Africa? 

THE  NEW  ETHIC 

In  the  face  of  these  environmental  ills,  governments,  institutions,  agencies, 
families,  and  individuals  require  a  philosophy,  which  is  realistic,  positive,  and 
adequate  for  the  challenge.  The  Sustainable  Development  approach  will  work,  if 
population  growth  rates  can  be  sharply  reduced. 

Our  philosophy,  and  our  activities  in  behalf  of  it,  are  undergirded  by  a  set  of 
behavioral  principles  and  guidelines.  As  a  Civil  Engineer  with  50  years  of 
experience,  the  author  is  a  member  of  and  subscribes  to  the  Canon  of  Ethics  of 
the  American  Society  of  Civil  Engineers.  The  seven  canons  in  this  list  will,  after 
a  healthy  debate,  be  joined  by  an  eighth,  which  will  likely  read:  "Engineers  shall 
perform  services  in  a  manner  as  to  sustain  the  world's  resources,  and  protect  the 
natural  and  cultural  environment." 

The  implications  of  this  pledge  are  far-reaching  and  already  have  significant 
beginnings.  More  and  more  structures  are  being  planned  and  designed  with  a 
predetermined  life  cycle  of  construction,  maintenance,  and  deconstruction 
(Abraham,  Lovell,  and  Kim,  1994). 

The  "built  environment"  is  made  compatible  with  the  "natural  environment." 
The  modern  structure  also  conserves  natural  building  material  resources  while 
maximizing  recycled  content  and  the  recyclability  of  the  materials  in  the  structure. 
The  structure  is  not  only  "healthy"  for  those  using  it,  but  it  also  avoids  being  an 
environmental  liability  when  destructed. 

Certain  institutional  and  commercial  structures  (e.g.,  churches,  public 
buildings,  financial  institutions)  are  properly  built  for  a  very  long  life,  with 
periodic  remodeling/renovation.  Other  structures  with  a  limited  service  life  (e.g., 
motels,  strip  malls,  fast  food  restaurants)  should  be  built  so  that  upon 
decommissioning,  the  materials  can  be  easily  separated  for  recycling. 

WASTE  TYPES  AND  VOLUMES 

The  effort  to  reuse/recycle  begins  with  an  assessment  of  waste  types  and  rates 
of  generation.  Our  data  are,  of  course,  better  for  the  US,  and  we  will  use  them  for 
purposes  of  comparison.  The  annual  rate  of  waste  production  by  type  is  (in  order 
from  greatest  to  least):  agricultural,  mining,  industrial,  and  domestic  (including 
scrap  tires). 
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Agricultural  waste  tends  to  stay  close  to  the  point  of  generation,  and  it  is  not 
a  high-profile  waste  in  the  US.  However,  in  small,  livestock-oriented  countries 
like  The  Netherlands,  manure  production  must  be  legally  controlled,  and  even 
plans  to  export  the  waste  are  under  consideration  (Dahlburg,  1994).  In  developing 
countries,  dried  manure  is  often  used  as  fuel. 

Second  on  the  list  is  mining  waste.  This  waste  is  comprised  of  the  earthen 
material  which  must  be  removed  to  access  the  commercial  mineral,  the  host  rock, 
if  any,  and  the  waste  from  extraction/refinement  of  the  mineral.  Improper  disposal 
in  the  past  has  often  seriously  compromised  the  quality  of  the  surface  and 
groundwater  in  the  vicinity  of  the  mine.  Current  disposal  is  highly  regulated.  Of 
course,  coal  mining  is  the  principal  source  of  such  wastes  in  Indiana. 

The  third  category  is  industrial  waste.  In  Indiana,  the  primary  example  is  coal 
ash  or  coal  combustion  by-products  (CCBPs).  This  grouping  includes  the 
cementitious  fly  ashes  (Class  C)  and  others  (termed  Class  F)  as  well  as  the  boiler 
slags  and  bottom  ashes.  Improvements  in  combustion  processes  and  the  desire  to 
burn  higher  sulfur  coals  are  leading  to  increasing  amounts  of  fluidized  bed 
residuals  and  flue  gas  desulfurization  products.  Interestingly  enough,  as 
combustion  and  clean  air  technologies  are  improved,  more  and  more  solid  wastes 
are  generated. 

Class  C  fly  ash  results  from  the  combustion  of  lower  grades  of  coal,  and  the 
product  is  in  demand  as  a  cement  replacement  in  concrete.  The  more  abundant 
Class  F  fly  ash  (from  the  better  grades  of  coal)  has  no  established  market.  The 
same  is  true  of  the  coarser  residues,  i.e.,  all  bottom  ash  and  some  boiler  slag. 

A  key  to  the  use  of  these  by-products,  as  soil  or  mineral  aggregate 
replacements,  is  their  method  of  disposal.  The  finer  fly  ash  and  the  coarser  bottom 
products  are  collected  separately  but  may  be  commingled  in  disposal.  When  this 
happens,  a  complex  depositional  mixture  of  sizes  of  material  occurs,  which 
complicates  retrieval  and  use. 

The  noncementitious  fly  ashes  and  the  bottom  ashes  may  be  used  as  a  soil 
replacement,  when  building  fills  for  structures,  including  highways  (Huang, 
1990).  They  may  also  be  used  as  fillers  in  asphaltic  mixes.  While  the  use  of  these 
wastes  to  replace  soil  in  fills  may  seem  to  be  of  little  importance,  remember  that 
in  flat  areas,  soil  from  adjacent  areas  must  be  excavated  for  the  fill,  reducing  the 
amount  of  tillable  land.  Use  of  CCBPs  for  the  fill  not  only  conserves  the  adjacent 
land  for  agriculture  but  also  reduces  the  disposal  costs  for  the  generators. 

Another  important  industrial  waste  by-product  in  Indiana  is  spent  foundry 
sand  (Javed  and  Lovell,  1993).  Indiana  foundries  cast  a  variety  of  metals,  of  which 
iron  is  the  most  common.  As  the  greensand  process  is  used  to  cast  ferrous  metals, 
the  spent  sands  are  often  environmentally  suitable  for  a  number  of  engineering 
applications. 

One  use  of  spent  foundry  sands  is  as  a  soil  substitute  in  fills.  Another  is  as  a 
constituent  in  a  low-strength,  cementitious,  flowable  material  called  "flowable 
fill"  (Bhat,  et  al,  1995).  This  material  is  superior  to  compacted  soil  in  and  around 
pipes  and  other  "tight"  places.  Flowable  fill  is  purposely  designed  to  have  low 
strength  for  utility  cuts  in  streets,  so  that  it  may  be  easily  excavated  and  replaced. 
(We  are  all  familiar  with  the  scenario  of  periodic  trenching  operations  in  nearly 
all  streets.) 
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The  materials  in  buildings  and  pavements  should  be  largely  reused.  Reuse  is 
perhaps  easiest  for  an  asphaltic  pavement,  where,  with  the  addition  of  a 
rejuvenator,  the  materials  may  be  reapplied  for  the  new  paving.  The  same  is  true 
of  old  concrete  paving,  except  that  it  is  more  expensive  to  break  up  the  concrete 
pieces  and  remove  the  reinforcing  steel  prior  to  constituting  a  new  concrete  mix. 
Reuse  of  products  from  demolished  buildings  is  complicated  by  two  factors:  the 
technology  of  construction  and  the  technology  of  destruction.  We  have  all 
observed  the  "wrecking  ball"  process  and  the  impossible  jumble  being  loaded 
into  trucks  for  disposal.  A  number  of  the  materials  can  be  reused,  if  separated. 
Among  these  are  concrete,  steel,  brick,  wood,  and  rubber/asphalt  roofing. 
Disposal  should  not  be  in  a  municipal  solid  waste  landfill  but  in  a  construction 
debris  facility.  Separation  can  occur  before  the  disposal  of  the  ultimate  residuals 
in  a  processing  yard  adjacent  to  the  landfill. 

Certain  domestic  wastes  are  commonly  recycled,  v/z.,  aluminum  cans, 
bimetal  cans,  glass,  paper,  cardboard,  and  some  plastics.  A  waste  which  needs 
increased  attention  is  the  scrap  tire.  This  discard  is  generated  in  the  US  at  the  rate 
of  about  0.8  tire/person/year.  Since  scrap  tires  have  been  presumed  by 
"speculators"  to  have  ultimate  value,  they  have  been  stored,  often  in  a  most 
unsightly  and  unsanitary  manner,  producing  disease  and  fire  hazards. 

Scrap  tires  must  now  be  stored  inside,  which  means  they  are  usually  cut  or 
shredded  to  save  space.  Because  whole  tires  cannot  be  compacted  with  the  other 
wastes  and  actually  tend  to  "float"  upward  in  the  mass,  tires  must  be  cut  into 
pieces  for  disposal  in  solid  waste  landfills. 

Tire  rubber  is  a  strong  and  durable  material  that  lends  itself  to  a  variety  of 
reuse  potentials  (Ahmed,  1993).  For  example,  whole  tires  can  be  used  to  build  an 
earth-retaining  structure,  a  floating  breakwater,  or  an  underwater  reef.  Sidewalls 
and  beads  can  be  cut  out  and  linked  in  a  mat  to  stabilize  low  cost  roads  or  earthen 
masses.  Tire  shreds,  a  few  inches  wide  on  a  side,  form  an  excellent  lightweight 
substitute  for  soil  in  a  fill.  Reducing  the  tire  rubber  to  small  crumbs  allows  it  to 
be  reused  to  mold  new  rubber  products  or  to  produce  a  new  variety  of  asphalt. 

All  of  the  reuse/recycle  examples  listed  in  this  paper  are  simplistic  ones  and 
represent  very  low  technology.  These  procedures  can  be  expected  to  advance  and 
develop  enormously  in  the  near  future. 

SUMMARY 

Environmental  responsibility  has  evolved  slowly  and  only  after  abundant 
evidence  of  damage  to  the  earth.  The  global  issues  constitute  a  formidable  list, 
all  of  which  require  immediate  attention  and  remediation.  A  basic  principle  which 
can  stimulate  scientists  and  engineers  to  cooperate  and  synergize  is  that  of 
Sustainable  Development.  By  this  strategy,  development  takes  place  with 
appropriate  environmental  sensitivity.  However,  unless  population  growth  rates 
are  sharply  decreased,  humankind  will  undoubtedly  exhaust  food  supplies,  even 
given  great  technological  developments. 

Sustainable  technology  will  involve  many  ideas  and  approaches,  but  an 
important  one  is  the  reuse/recycling  of  current  wastes,  such  as  scrap  rubber  tires, 
coal  combustion  ash,  and  spent  foundry  sands.  Paving  should  also  be  recycled, 
and  the  products  of  building  demolition  should  also  be  separated  and  reused. 
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INDIANA'S  WETLANDS:  PAST, 
PRESENT,  AND  FUTURE 

Jacques  W.  Delleur 
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West  Lafayette,  Indiana  47907-1284 

This  special  issue  of  the  Proceedings  of  the  Indiana  Academy  of  Science 
provides  a  record  of  the  symposium  on  "Indiana's  Wetlands:  Past,  Present,  and 
Future."  The  program  included  seven  speakers,  who  discussed  the  policy  aspects, 
the  geologic  settings,  the  biochemistry  of  wetlands,  the  biological  aspects  of 
restored  and  artificial  wetlands,  riparian  wetlands,  and  the  biodiversity  of  wetlands. 

The  symposium  was  organized  by  the  Science  and  Society  Committee  of  the 
Indiana  Academy  of  Science,  which  was  chaired  by  Dr.  David  Sever  of  Saint 
Mary's  College  in  Notre  Dame,  Indiana.  This  special  event  took  place  on  the 
campus  of  Indiana  University  South  Bend  after  the  Fall  Meeting  of  the  Academy. 
On  Friday,  4  November  1994,  a  reception  was  hosted  by  the  Science  and  Society 
Committee  at  which  William  Beranek,  Jr.,  gave  a  talk  (co-authored  by  R.W.  Van 
Frank)  on  the  wetlands  of  Indiana.  Six  additional  speakers  gave  their  presentations 
during  the  morning  and  afternoon  of  Saturday,  5  November  1994. 

Before  the  symposium,  when  Dr.  Sever  assigned  me  the  task  of  arranging  the 
program,  I  tried  to  gain  a  better  perspective  on  the  symposium's  subject  — 
wetlands.  First,  I  queried  the  computer  catalog  of  the  library  at  Purdue  University. 
I  entered  the  keyword  "wetlands"  and  immediately  received  a  list  of  332  entries, 
indicating  the  importance  of  the  subject.  Then,  I  assumed  that  hydrology  would 
also  be  a  subject  of  related  interest,  entered  the  keyword  "hydrology,"  and  was 
rewarded  with  a  list  of  799  entries,  again  indicating  the  importance  of  this  related 
water  field.  Faced  with  such  a  large  number  of  entries,  I  felt  the  immediate  need 
to  focus  on  a  narrower  subject  and  tested  the  entry  "wetland  hydrology,"  which, 
to  my  surprise,  produced  no  entries.  I  concluded  that,  although  there  are  many 
books  and  publications  with  the  words  "wetlands"  or  "hydrology"  in  their  titles, 
very  few  books  or  publications  combine  these  two  words  in  their  titles.  However, 
chapters  on  the  hydrology  of  wetlands  occur  in  many  of  these  books  (e.g.,  Mitsch 
and  Gosselink  (1993)  or  Hammer  (1989)). 

Using  these  keywords,  I  also  searched  for  texts  at  an  Indianapolis  bookstore 
and  obtained  the  title  of  a  very  interesting  book  by  Gilman  (1994)  on  wetland 
hydrology,  that  was  published  by  the  Institute  of  Hydrology  in  Wallingford, 
England.  Two  facts  then  became  clear.  First,  the  British  and  American 
vocabularies  are  different.  As  pointed  out  by  Mitsch  and  Gosselink  (1993),  the 
words  bog,  fen,  marsh,  etc.,  have  slightly  different  definitions  in  England  and  in 
the  United  States.  Second,  the  reason  for  the  lack  of  entries  on  "wetland 
hydrology"  is  that  the  accurate  measurement  of  the  hydrologic  processes  in 
wetlands  is  very  difficult  and,  as  a  result,  usually  imprecise.  A  simple 
measurement,  such  as  water  level,  may  be  unreliable  because  of  the  shifts  of  the 
gauge  datum.  The  imprecision  results  from  ground  movements  in  response  to 
seasonal  variation  in  the  amount  of  water  stored  in  the  peat.  New  staff  gauges  for 
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measuring  water  level  and  special  lysimeters  to  estimate  evapotranspiration  have 
been  proposed  by  the  Institute  of  Hydrology  in  Wallingford. 

Having  discovered  that  wetland  hydrology  is  an  excellent  research  topic  but, 
perhaps,  not  an  ideal  symposium  topic,  I  decided  to  approach  the  origin  of 
wetlands  from  a  geologic  point  of  view  with  some  emphasis  on  the  description 
of  hydrogeology.  With  this  in  mind,  two  presenters  were  selected  to  discuss  the 
wetlands  associated  with  glaciation  and  coastal  processes.  An  understanding  of 
the  biogeochemistry  of  wetlands  is  also  essential.  Three  presenters  were  asked  to 
discuss  the  remediation  of  stream  quality,  the  biology  of  constructed  and  restored 
wetlands,  and  riparian  wetlands.  Finally,  I  felt  it  was  necessary  to  address  the 
problem  of  endangered  species.  How  is  Indiana  responding  to  the  unprecedented 
loss  of  wildlife?  Can  a  State  biodiversity  strategy  be  implemented?  These 
questions  are  also  discussed  in  the  present  volume. 

The  first  paper,  entitled  "Wetlands:  More  or  Less?,"  was  authored  by  William 
Beranek,  President  of  the  Indiana  Environmental  Institute,  Inc.,  of  Indianapolis, 
who  indicated  the  need  for  scientific  clarity  in  the  use  of  the  word  "wetland." 
Several  different  types  of  wetlands  exist  (e.g.,  lacustrine  and  riverine  wetlands), 
and  several  different  definitions  of  these  wetlands  have  been  proposed  by  Federal 
agencies.  Land  use  policies  must  recognize  the  five  separate  groups  that  have  a 
stake  in  wetlands:  the  landowner,  the  neighbor,  local  government,  the 
environmentalists,  and  numerous  government  regulatory  agencies.  Good  science 
must  form  the  basis  of  an  intelligent  wetlands'  policy  for  Indiana. 

Two  strikingly  different  geologic  settings  for  wetlands  were  examined;  those 
associated  with  glaciation,  and  those  associated  with  nearshore  processes.  The 
geologic  setting  of  the  wetlands  of  northwestern  Allen  Country  and  the  Indiana 
Dunes  were  discussed  by  Anthony  H.  Fleming  and  Todd  A.  Thompson, 
respectively.  Both  researchers  are  affiliated  with  the  Indiana  Geological  Survey. 
The  topography  and  resultant  hydrology  of  northwestern  Allen  County  is  a  result 
of  the  interaction  between  the  Saginaw  and  Erie  Lobes  of  Late  Wisconsin 
glaciation.  Deglaciation  in  this  area  produced  a  knob-and-kettle  topography  with 
internally  drained  basins,  resulting  in  bogs  of  various  sizes.  Peatlands  are  found 
in  the  regional  groundwater  recharge  areas  and  are  important  to  the  quantity  and 
quality  of  the  underlying  groundwater.  In  the  Indiana  Dunes,  wetlands  form  as  a 
result  of  nearshore  eolian  as  well  as  overwash  transport  and  depositional 
processes.  The  most  important  wetland  in  the  Indiana  Dunes  is  the  Great  Marsh. 
This  wetland  developed  in  a  basin  created  inside  the  Tolston  Beach  by  offshore 
beach  ridges.  The  change  from  lagoon  to  isolated  marl  pools  to  peatland  was  in 
large  part  controlled  by  the  falling  water  levels  in  Lake  Michigan  during  the  last 
5,500  years. 

Kimberly  Gray  (then  of  Notre  Dame  University)  presented  a  paper  on  the 
biogeochemistry  of  inland  and  coastal  wetlands.  She  discussed  the  benefits  of 
preserving  these  ecosystems  and  the  possible  use  of  wetlands  to  control  surface 
water  quality.  The  Santa  Anna  River  in  California  was  used  to  illustrate  her  points. 
Only  her  abstract  is  published  here. 

Richard  P.  Reaves  and  Melody  Croteau-Hartman  (then  of  Purdue  University) 
expanded  on  this  topic  in  their  paper  on  "Biological  Aspects  of  Restored  and 
Created  Wetlands."  Flood  control,  stormwater  retention,  mitigation  of  wetland 
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loss,  municipal,  industrial,  and  agricultural  wastewater  treatment,  mine 
reclamation,  and  aesthetics  are  all  reasons  for  creating  wetlands.  Created  wetlands 
can  be  free  systems  that  function  as  large  trickling  filters.  The  floral  and  faunal 
characteristics  of  created  and  restored  wetlands  were  discussed  and  compared  to 
their  natural  counterparts. 

In  his  paper  on  "The  Status  of  Riparian  Wetlands  in  West-Central  Indiana," 
James  Gammon  of  DePauw  University  discussed  the  results  of  his  surveys  (in 
1983  and  1993-1994)  of  the  riparian  wetlands  along  the  Wabash  River  and  three 
of  its  tributaries.  Included  in  the  survey  was  the  Wabash  River  between  Delphi 
and  Merom,  Indiana,  as  well  as  Big  Raccoon,  Big  Walnut,  and  Deer  Creeks.  These 
studies  indicated  that  significant  portions  of  the  riparian  border  of  the  Wabash 
River  and  its  tributaries  are  bare  and  eroding.  The  riparian  buffer  must  be 
reestablished  to  maintain  the  river  ecosystem.  Dr.  Gammon  concluded  that  "the 
well-being  of  the  Wabash  River  ecosystem  is  highly  dependent  on  the 
environmental  health  of  its  tributaries.  The  riparian  wetlands  of  the  Wabash  River 
and  three  of  its  tributaries  are  currently  incapable  of  providing  adequate 
protection  from  agricultural  nonpoint  source  pollution." 

Forest  Clark  of  the  U.S.  Fish  and  Wildlife  Service  in  Bloomington,  Indiana, 
discussed  "Biodiversity,  Wetlands,  and  the  Indiana  GAP  Analysis  Project."  The 
U.S.  Fish  and  Wildlife  Service  is  concerned  about  the  extinction  of  natural  species 
and  recognizes  the  need  to  establish  a  State  biodiversity  framework  and  to 
implement  a  State  biodiversity  strategy.  To  this  end,  a  new  approach,  called  GAP 
analysis,  is  under  development  by  the  U.S.  Fish  and  Wildlife  Service  to  aid  in  the 
assessment  of  biodiversity  on  a  continental  scale.  GAP  analysis  should  be  a  useful 
tool  for  evaluating,  conserving,  and  restoring  biodiversity  in  Indiana. 

The  symposium  ended  with  a  round-table  discussion.  This  forum  provided 
for  a  very  interactive  exchange  of  ideas,  culminating  with  the  proposal  to  publish 
the  symposium  as  a  separate  volume  of  the  Proceedings  and  to  make  it  available 
to  high  schools  and  libraries  in  Indiana. 

As  preparations  for  publishing  the  symposium  were  underway,  an  additional 
paper  on  a  related  topic  was  brought  to  my  attention.  This  paper,  "A  Record 
of  the  Natural  History  and  Anthropogenic  Senescence  of  an  Indiana  Tamarack 
Bog"  by  A.L.  Swinehart  and  G.D.  Starks,  has  been  included  as  the  final  paper 
in  the  Volume. 
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WETLANDS:  MORE  OR  LESS? 

William  Beranek,  Jr. 
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ABSTRACT:  Swamps,  marshes,  and  wet  forests  have  long  been  considered  poor  quality 
land  which  needed  to  be  drained  or  filled  in  order  to  be  free  of  disease  vectors  or  to  be 
useful  for  agriculture  or  development.  Increasingly,  different  types  of  wetlands  have 
come  to  be  valued  for  passive  uses,  including  flood  control,  groundwater  recharge,  and 
wildlife  habitat.  National  laws  and  policies  exist  mandating  no  net  loss  of  certain  types 
of  wetlands,  but  the  scientific  definition  of  what  constitutes  a  wetland  is  still  being 
refined.  In  this  paper,  the  technical  and  social  components  of  the  conflict  in  Indiana 
between  those  wishing  to  protect  or  restore  wetlands  and  those  concerned  about 
developing  the  properties  will  be  reviewed. 

KEYWORDS:  Biodiversity,  groundwater,  public  policy,  wetland. 

THE  POLICY  ISSUE 

The  fate  of  Indiana's  wetlands  is  a  scientific  and  public  policy  issue  of  the 
highest  priority,  which  can  be  resolved  only  through  the  application  of  good 
science  and  well-considered  public  discussion.  Most  of  the  disagreement  results 
from  a  lack  of  scientific  clarity  about  what  constitutes  a  wetland  and  from  a  lack 
of  specific  policy  guidelines  suited  to  different  types  of  wetlands.  One  size  does 
not  fit  all  for  wetland  preservation;  different  wetlands  need  to  be  maintained  or 
restored  for  quite  different  reasons. 

The  name,  wetlands,  itself  inhibits  good  public  policy  debates.  Such  debates 
are  often  frustrated  because,  like  the  ten  blind  men  and  the  elephant,  each  party 
has  a  different  wetland  in  mind  (say  a  marsh  at  the  edge  of  a  lake  versus  a  slight 
depression  in  a  clay  field).  Each  type  of  wetland  must  have  its  own  set  of  policy 
guidelines  —  the  swamp,  the  seepage  on  a  hillside,  the  depression  in  clay  soil, 
the  slough,  the  bog,  the  marsh,  the  drainage  ditch,  the  flood  way,  the  pond,  the 
stream,  the  lake,  and  the  river. 

Some  Indiana  wetlands  are  lakes  over  six  feet  in  depth  (lacustrine  wetlands). 
Others  are  streams  flowing  in  channels  (riverine  wetlands).  Most  Indiana 
wetlands  have  less  than  six  feet  of  water,  a  slow  rate  of  water  flow,  and  are 
characterized  by  the  presence  of  water-loving  plants  (palustrine  wetlands). 

Most  policy  conflicts  center  on  palustrine  wetlands.  Some  palustrine 
wetlands  are  at  the  edges  of  lakes  and  streams.  Others  are  seeps  from  the  water 
table  on  the  sides  of  a  hill,  in  forest  bottoms,  or  in  valleys.  Still  others  are  formed 
in  clay  depressions  which  hold  water  above  the  water  table  or  well  away  from  the 
nearest  surface  water  body. 

A  hundred  years  ago,  the  wetland  was  the  enemy  of  civilization.  It  was  the 
swamp  that  held  infectious  diseases;  the  muddy  land  that  made  roads  impassable; 
potentially  rich  farmland,  if  only  it  were  drained  and  levees  were  built  to  prevent 
future  flooding.  The  only  good  wetland  was  a  drained  wetland.  In  Indiana,  our 
original  5.6  million  acres  of  wetlands  have  been  drained  down  to  the  current  one 
million  acres. 
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Gradually,  society  has  begun  to  see  the  value  of  wetlands  per  se,  first  as  a 
place  for  hunting  and  fishing  but  now  for  a  variety  of  reasons.  Today,  additional 
productive  uses  for  specific  types  of  wetlands  include:  1)  floodwater  storage;  2) 
protection  for  groundwater  recharge;  3)  protection  of  lakes  from  runoff 
containing  nutrients  and  sediment;  4)  shoreline  erosion  control;  and  5)  natural 
habitat  for  indigenous  species. 

The  anxiety  resulting  from  combining  all  wetlands  into  one  policy  category 
reached  its  peak  in  the  late  1980s.  President  Bush  endorsed  a  "no  net  loss"  policy 
for  "wetlands."  In  1989,  his  administration  expanded  the  definition  of  wetlands 
to  include  many  lands  in  the  "sometimes-wet"  category.  This  new  definition  came 
under  sharp  attack  as  did  a  subsequent  revision.  Congress  then  asked  the  National 
Academy  of  Sciences  to  advise  it  on  what  constituted  the  best  policy  measures 
for  wetlands.  President  Clinton  reduced  tensions  in  the  debate  by  eliminating 
previously  drained  farmland  from  government  policy  and  by  asking  Federal 
regulatory  agencies  to  use  the  1987  definition  of  a  wetlands. 

Society  has  changed  its  views  on  what  is  the  best  use  of  our  remaining 
wetlands.  More  reasons  are  accepted  to  maintain  specific  wetlands  for  specific 
purposes.  Because  much  of  the  remaining  wetlands  is  in  private  hands,  we  must 
deliberate  carefully  and  with  complete  public  participation  and  fairness  relative 
to  the  wetlands'  owners  about  how  to  bring  our  public  policies  more  in  line  with 
our  new  wetland  objectives. 

THE  STAKEHOLDERS 

Who  are  the  stakeholders  in  wetland  policy?  One  stakeholder  is  the  current 
landowner.  The  person  who  owns  the  land  already  has  a  set  of  expectations  for 
its  productive  use.  This  person  has  well-understood  property  rights. 

The  neighbor  of  the  wetland  property  is  another  stakeholder.  Anything 
society  requires  the  first  landowner  to  do  regarding  wetlands  can  change  the  value 
or  the  degree  of  enjoyment  of  the  neighbor's  property. 

The  local  government  is  a  third  stakeholder.  If  the  taxable  value  of  the  land 
in  the  area  is  reduced  by  promoting  wetlands,  the  remaining  property  owners 
could  bear  a  larger  burden  of  the  cost  of  essential  government  services. 

The  recreational  user  is  another  important  stakeholder.  For  many  years, 
outdoor  recreation  groups  have  donated  money  and  pressured  government 
officials  to  maintain  wetlands  for  sport.  If  wetland  policies  or  economic  forces 
cause  those  with  State  hunting  licenses  to  be  restricted  to  private  lands,  the  State 
must  find  new  sources  of  revenue  for  wildlife  management. 

Often  overlooked  as  stakeholders  are  the  downstream  or  upstream  property 
owners.  A  landowner  removing  a  levee  to  restore  a  wetland  can  affect  the  drainage 
on  farm  land  upstream  and  the  chemical  and  physical  properties  of  the  water 
downstream. 

A  new  stakeholder  is  the  environmentalist  arguing  for  regional  biodiversity. 
Actively  managing  large  connected  wetland  corridors  for  native  species' 
ecosystems  will  be  the  only  means  of  preserving  those  ecosystems.  Private 
hunting  preserves  could  further  reduce  biodiversity  for  some  wetland  habitats. 

A  related  stakeholder  is  the  advocate  of  Indiana's  responsibility  for  global 
biodiversity.  Migratory  birds  from  the  tropics  need  nesting  habitat  in  Indiana  for 
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their  existence.  The  preservation  of  the  potholes  in  the  Great  Plains  for  migratory 
wildfowl  is  a  great  success  story  as  is  Indiana's  Pulaski  Preserve  for  the  migratory 
sandhill  crane. 

A  final  set  of  stakeholders  are  the  government  regulatory  agencies  charged 
with  different  aspects  of  wetland  management.  Some  agencies  are  still 
implementing  the  important  priorities  of  the  past,  while  others  are  implementing 
new  priorities.  In  Indiana,  four  Federal  and  two  State  agencies  are  responsible  for 
some  type  of  "wetland"  regulatory  decision. 

The  Federal  Clean  Water  Act  requires  a  permit  for  filling  a  wetland  adjacent 
to  a  water  of  the  United  States.  Depending  on  the  waters,  either  the  Army  Corps 
of  Engineers  or  the  U.S.  Environmental  Protection  Agency  is  responsible  for  that 
decision.  In  Indiana,  either  the  Department  of  Natural  Resources  or  the 
Department  of  Environmental  Management  might  be  the  lead  agency  for  the 
implementation  of  smaller  projects.  The  Federal  Food  Security  Act  has  a 
Wetlands  Preservation  Program  providing  an  incentive  for  farmers  to  preserve 
wetlands  on  their  land.  Under  this  program,  the  Natural  Resources  Conservation 
Service  and  the  U.S.  Fish  and  Wildlife  Service  have  a  regulatory  role  in  wetlands. 

However  we  configure  our  Indiana  wetlands'  policy,  we  must  take  into 
account  the  interests  of  all  these  stakeholders. 

THE  POLICY  CHOICES 

Four  basic  policy  choices  exist:  1)  the  government  can  purchase  the  wetland; 
2)  the  government  can  mandate  certain  behaviors  relative  to  the  wetland;  3)  the 
government  can  provide  incentives  for  private  owners  to  maintain  the  wetland; 
or  4)  private  groups  can  work  with  the  owners  to  protect  the  wetland. 

The  government  does  purchase  land  (e.g.,  game  land,  reservoirs,  and  wildlife 
reserves).  This  land  is  off  the  tax  roles  and  under  government  management.  This 
approach  is  effective  for  specialized  purposes,  but  it  can  never  cover  the  bulk  of 
the  wetlands  that  need  coordinated  attention. 

The  government  can  mandate  a  private  landowner  to  behave  in  a  specific 
way.  Requiring  permits  for  filling  wetlands  is  such  a  tool  (one  that  needs 
considerable  refinement  with  respect  to  various  wetland  priorities).  Federal  and 
State  water  pollution  discharge  controls  are  another  example. 

One  example  of  a  government  incentive  is  the  payment  of  agricultural 
subsidies  for  wetland  restoration.  The  purchase  of  development  rights  for  an  area 
is  another  successful  tool. 

Examples  of  private  initiatives  include  land  purchases  for  special  habitat 
protection  by  The  Nature  Conservancy  and  the  hunting  preserves  funded  by 
organizations  such  as  Ducks  Unlimited. 

RECOMMENDATION 

Implementing  an  appropriate  wetlands  policy  in  Indiana  is  a  critically 
important  scientific  and  public  policy  initiative  our  generation  can  establish  to 
improve  the  quality  of  life  for  those  who  follow  us.  We  should  restore  that  which 
makes  sense  to  restore  and  maintain  that  which  makes  sense  to  maintain. 
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Indiana  scientists  will  have  the  greatest  success  bringing  good  science  to  bear 
on  this  matter  if  five  key  components  of  an  Indiana  wetlands  policy  are  kept  in 
mind: 

1 .  Have  focused  initiatives  for  different  types  of  land  conservation; 

2.  Include  these  initiatives  as  part  of  a  comprehensive,  coordinated  State 
land-use  plan; 

3.  Promote  focused  public  awareness  to  invest  in  a  future  with  wetlands; 

4.  Compensate  land  owners  for  "taking"  their  property  rights;  and 

5.  Consider  appropriate  political  timing  and  equitable  sharing  of  the 
burden. 

Wetlands  policy  is  too  important  to  leave  to  chance.  We  must  develop  an 
intelligent  policy  for  Indiana. 
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ABSTRACT:  Northwestern  Allen  County  is  characterized  by  a  hummocky  landscape 
that  resulted  from  the  melting  of  large  blocks  of  ice  from  the  Saginaw  Lobe  that  were 
buried  in  their  own  outwash  and  by  subsequent  deposition  of  the  clayey  tills  of  the  Erie 
Lobe.  Surface  drainage  is  poorly  integrated  within  this  region,  which  is  situated  astride 
the  eastern  continental  drainage  divide.  Large  parts  of  this  interlobate  landscape  are 
internally  drained  and  host  a  variety  of  depressional  wetlands  that  range  in  size  from 
small,  hydraulically  isolated  bogs  perched  on  thick  clayey  till  to  extensive  peatlands 
situated  within  a  hydraulically  and  geochemically  defined  recharge  area  for  a  regionally 
significant  glaciofluvial  aquifer  system.  Many  of  the  peatlands  are  underlain  by  thick, 
permeable  outwash  fan  deposits,  whereas  surrounding  hummocks  are  composed  chiefly 
of  low-permeability,  clayey  till  that  contributes  abundant  surface  runoff  to  adjacent 
peatlands.  Groundwater  flow  patterns  appear  to  be  influenced  by  the  accumulation  of 
surface  runoff  in  depressional  wetlands  during  late  winter  and  early  spring.  Dissipation 
of  resulting  water  table  mounds  via  leakage  through  the  bottoms  and  sides  of  the  wetlands 
leads  to  seasonally  dependent  recharge  of  the  underlying  aquifer  system. 

A  similar  mechanism  of  landscape  development  probably  affected  much  of  northeastern 
Indiana.  Consequently,  abundant  wetlands  in  the  region  are  expected  to  be  of  generally 
similar  origin  and  to  be  situated  in  a  variety  of  hydrogeologic  settings.  A  priori  assumptions 
concerning  the  recharge-discharge  functions  of  these  wetlands  are  likely  to  be  misleading 
unless  constrained  by  information  concerning  their  local  and  regional  hydrogeologic 
settings.  Long-term  impacts  on  groundwater  quality  and  quantity  resulting  from  artificial 
drainage  of  numerous  wetlands  in  this  region  are  poorly  understood. 

KEYWORDS:  Groundwater  recharge,  northeastern  Indiana,  wetland  hydrogeology, 
wetlands. 

INTRODUCTION 

Geologists  have  recognized  the  relationship  between  the  hummocky 
landscape  of  northeastern  and  north-central  Indiana  and  the  abundance  of  lakes 
and  wetlands  in  the  region  for  more  than  100  years  (Dryer,  1889, 1894;  Leverett, 
1902;  Leverett  and  Taylor,  1915;  Bleuer  and  Moore,  1974).  This  relationship  is 
clearly  reflected  in  the  name  classically  applied  to  this  physiographic  region  — 
the  Steuben  Morainal  Lakes  Area  (Figure  1).  The  origins  and  nature  of  glacial 
sequences  below  this  landscape  have  been  debated  by  geologists  for  more  than  a 
century,  but  most  investigators  have  generally  attributed  the  coincidence  of  these 
landforms  with  the  presumed  extent  of  the  Saginaw  Lobe  (for  a  summary,  see 
Bleuer  and  Moore,  1974).  The  greatest  concentration  of  lakes  and  wetlands  in 
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Figure  1.  A  map  of  Indiana  showing  the  locations  of  the  northeastern  counties. 
The  shaded  area  corresponds  to  the  Steuben  Morainal  Lake  Area  (Malott,  1922; 
Schneider,  1966),  the  physiographic  unit  in  which  the  majority  of  lakes  and 
wetlands  in  Indiana  are  concentrated. 
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Indiana  is  found  north  of  a  line  extending  roughly  from  northern  Allen  County 
to  Rochester  in  central  Fulton  County  (Gray,  1989;  Johnson  and  Keller,  1972). 
The  appearance  of  abundant  lakes  and  wetlands  along  the  southern  margin  of  this 
region  coincides  with  a  fundamental  change  in  landscape  from  the  typically  flat, 
low-relief  plain  of  central  Indiana  to  the  pronounced  knob-and-kettle  topography 
so  distinctive  of  northeastern  Indiana.  This  relationship  suggests  that  the  origin 
of  the  lakes  and  wetlands  may  be  closely  tied  to  a  fundamental  difference  in 
glacial  dynamics  that  created  this  dichotomy  in  landscapes  during  the  latter  part 
of  the  Late  Wisconsin  glaciation. 

The  hydrogeologic  settings  of  wetlands  are  difficult  to  determine  from  land 
resource  maps  (e.g.,  wetland  inventories,  soil  surveys,  drainage  maps,  surficial 
geologic  maps),  which  are  typically  the  only  sources  of  information  available  to 
wetland  managers  (Kusler,  1988).  The  recharge-discharge  functions  of  wetlands 
are  an  important  factor  to  be  considered  for  purposes  of  wetland  classification 
and  for  a  variety  of  management  activities  (Born,  etal,  1979).  Groundwater  flow 
patterns  and  geochemical  characteristics  within  individual  wetlands  and 
lake-wetland  systems  and  their  immediate  geological  surroundings  have  been 
described  in  a  variety  of  studies  (e.g.,  Boelter,  1972;  Winter,  1976,  1978; 
Anderson  and  Munter,  1981;  Siegel,  1988a,  1988b).  However,  the  potential 
significance  of  the  recharge-discharge  function  for  a  particular  wetland  system 
depends  not  only  on  internal  hydrologic  characteristics,  but  also  on  the  setting  of 
the  wetland  within  the  larger  regional  hydrogeologic  system.  The  latter 
component  has  been  integrated  into  relatively  few  wetland  studies,  presumably 
because  of  a  lack  of  detailed  information  concerning  the  three-dimensional 
geologic  framework  and  its  relation  to  the  regional  groundwater  system. 
Consequently,  the  significance  of  the  recharge-discharge  function  commonly  is 
overlooked  or  may  be  regarded  only  in  the  most  local  terms.  In  some  cases, 
wetlands  are  thought  of  only  as  local  groundwater  discharge  areas  (Kusler,  1988; 
Beranek  and  Van  Frank,  1994).  No  published  studies  exist  dealing  specifically 
with  the  hydrogeologic  settings  of  wetlands  in  northeastern  Indiana,  which  is 
surprising  given  their  particular  abundance  in  the  region. 

The  transition  from  a  relatively  subdued  till  plain  to  a  hummocky,  internally 
drained  landscape  dotted  with  wetlands  is  exemplified  in  northwestern  Allen 
County.  A  recent  investigation  of  the  geology  and  hydrogeology  of  that  County 
(Fleming,  1994)  documented  the  geologic  structure  of  this  landscape  and  outlined 
a  mechanism  for  its  origin.  Although  the  hydrology  of  individual  wetlands  was 
not  directly  investigated  during  this  study,  several  lines  of  evidence  suggest  that 
wetlands  in  certain  parts  of  northwestern  Allen  County  play  a  significant  role  in 
the  larger  hydrogeologic  regime,  notably  in  the  recharge  of  a  regionally  extensive 
glaciofluvial  aquifer  system.  The  geologic  origin  and  regional  hydrogeologic 
settings  of  these  wetlands  are  summarized  in  this  paper,  and  the  long-term 
hydrogeologic  implications  of  extensive  artificial  drainage  of  wetlands  in  the 
study  area  are  also  discussed. 

GEOLOGIC  SETTING 

The  modern  landscape  of  northwestern  Allen  County  (Figure  2)  is  primarily 
the  product  of  the  latest  advances  of  two  ice  lobes  —  the  Saginaw  Lobe,  which 
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Figure  2.  A  map  of  Allen  County  showing  the  glacial  terrain  regions,  the  line  of 
the  cross  section  shown  in  Figure  3,  and  the  location  of  the  city  of  Huntertown' s 
wellfield. 

advanced  from  the  north  out  of  southern  Michigan,  and  the  Erie  Lobe,  which 
advanced  shortly  thereafter  from  the  southeast  out  of  the  Lake  Erie  Basin.  The 
ages  of  these  latest  glacial  episodes  are  not  well  constrained  but  are  generally 
believed  to  be  less  than  about  17,000  years  before  present  (ybp)  (Fleming,  1994) 
—  in  other  words,  not  long  before  the  close  of  Late  Wisconsin  glacial  activity  in 
Indiana.  The  presence  of  the  two  ice  lobes  has  commonly  led  to  the  use  of  the 
term  "interlobate"  to  describe  the  region  that  includes  northwestern  Allen  County. 
It  is  not  certain  that  both  lobes  were  active  simultaneously,  but  it  is  abundantly 
clear  that  the  behavior  of  one  lobe  strongly  affected  the  other,  and  that  this 
interaction  had  a  profound  influence  on  the  evolution  of  the  modern  landscape. 
Although  a  Saginaw  Lobe  influence  in  northern  Allen  County  and  the 
adjoining  counties  to  the  north  has  been  inferred  by  many  workers,  Bleuer  and 
Moore  (1974)  were  the  first  to  provide  direct  evidence  of  a  sandy,  northern-source 
till  and  associated  sand  and  gravel  units  in  the  near-subsurface  in  this  area. 
Fleming  (1994)  attributed  these  units  to  a  widespread  Saginaw  Lobe  depositional 
sequence  that  underlies  most  of  northern  Allen  County  and  includes  a  large 
volume  of  glaciolacustrine  deposits  in  addition  to  abundant  outwash,  till-like 
sediment,  and  ice-contact  fans.  In  northwestern  Allen  County,  the  sequence 
ranges  in  thickness  to  30  m  or  more  and  typically  includes  an  extensive  basal 
outwash  apron,  thin  to  thick  till  and  debris  flow  units  at  about  mid-depth,  and  an 
upper  complex  of  ablation  deposits  that  typically  contains  abundant  ice-contact 
sand  and  gravel.  Ice-contact  outwash  fans  deposited  along  various  ice-margin 
positions  during  the  general  collapse  of  the  ice  sheet  are  locally  embedded  in  the 
upper  part  of  the  sequence,  notably  in  the  Eel  River  Valley  (Figure  2)  and  adjacent 
areas.  At  some  places,  the  ice-contact  fans  have  coalesced  with  the  basal  outwash, 
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resulting  in  the  entire  sequence  being  composed  of  sand  and  gravel  as  much  as 
30-40  m  thick. 

The  upper  surface  of  the  Saginaw  Lobe  sequence  is  highly  irregular  in  many 
parts  of  northwestern  Allen  County,  a  characteristic  that  suggests  the  ablation 
complex  and  its  associated  outwash  fans  were  deposited  on,  in,  and  against  very 
large  (100-10,000  m2)  blocks  of  stagnant  ice.  These  blocks  of  dead  ice  were 
evidently  still  present  when  the  Erie  Lobe  advanced  into  northern  Allen  County, 
and  they  were  subsequently  buried  further  by  the  ice  and  clayey  till  of  that  lobe 
during  at  least  one  event  north  of  the  Eel  River  Valley  and  probably  on  several 
occasions  south  of  the  valley.  Melting  of  the  buried  ice  caused  the  overlying 
sediment  to  collapse,  resulting  in  the  characteristic  knob-and-kettle  topography 
that  marks  the  distribution  of  most  of  the  Saginaw  Lobe  sequence. 

This  landscape  exhibits  numerous  features,  referred  to  as  palimpsest 
topography,  that  are  inherited  from  one  or  more  older  surfaces  buried  at  depth. 
Topographic  lineaments  and  other  trends  generally  have  little  relation  to  the 
surface  tills  or  direction  of  movement  of  the  Erie  Lobe,  but  instead  reflect 
structural  patterns  on  the  surface  of  the  underlying  Saginaw  Lobe  deposits. 
Palimpsest  topography  is  most  pronounced  northwest  of  the  Wabash  Moraine 
(Figure  2),  where  buried  ice  blocks  appear  to  have  been  large  and  numerous  and 
where  overlying  Erie  Lobe  deposits  are  thinnest.  Palimpsest  topography  is  more 
subtle  in  and  south  of  the  moraine,  where  several  Erie  Lobe  advances  deposited 
a  thick  sequence  of  clayey  till  that  helps  to  mask  the  buried  topography  on  the 
underlying  sequence. 

The  Eel  River  Valley  originated  as  a  fan-marginal  channel  during  the  retreat 
of  the  Saginaw  Lobe  but  was  an  active  meltwater  conduit  during  subsequent  Erie 
Lobe  events  as  well.  The  most  significant  event  in  terms  of  the  evolution  of  the 
modern  landscape  occurred  relatively  late  in  the  glacial  history,  when  the  Erie 
Lobe  stood  at  the  Wabash  Moraine  along  the  south  edge  of  the  valley  in  Allen 
and  DeKalb  Counties.  Deposition  of  large  amounts  of  outwash,  especially  at  the 
mouth  of  Cedar  Creek  Canyon,  filled  the  valley  and  ultimately  led  to  its  blockage 
when  the  ice  front  retreated  to  the  southeast.  Drainage  from  the  upper  part  of  the 
valley  was  subsequently  diverted  southward  down  Cedar  Creek  and  into  the 
incipient  Great  Lakes  drainage,  leaving  the  Eel  River  beheaded.  Today,  this  area 
lies  at  the  very  headwaters  of  the  Eel,  astride  the  eastern  continental  divide  that 
separates  the  Great  Lakes  drainage  from  the  Mississippi  River  drainage.  The  term 
"Eel  River"  is  thus  something  of  a  misnomer  insofar  as  this  part  of  the  valley 
contains  virtually  no  integrated  surface  drainage,  instead  being  a  broad  wetland 
within  a  larger,  internally  drained  landscape. 

The  relationships  between  surface  landforms  and  the  sequences  of  sediments 
that  constitute  those  forms  are  expressed  in  the  idea  of  glacial  terrains.  Glacial 
terrains  are  composed  of  two  main  elements:  1)  a  vertical  sequence,  representing 
deposition  of  sediment  under  a  particular  range  of  environmental  conditions;  and 
2)  a  landscape  or  group  of  associated  landscapes  whose  configuration  is  a 
manifestation  of  the  particular  types  of  depositional  and  erosional  processes  that 
created  the  sequences  and  operated  subsequent  to  glaciation.  Three  glacial 
terrains  are  important  in  the  history  and  hydrogeologic  regime  of  northwestern 
Allen  County  (Figure  2).  The  first  is  the  Wabash  Moraine,  a  strongly  rolling  to 
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hummocky,  ridged  upland  composed  of  a  thick  stack  of  clayey  Erie  Lobe  tills  and 
related  sediments.  The  second  is  the  Huntertown  interlobate  area,  a  mostly 
internally  drained  landscape  with  numerous  closed  depressions,  small  to  large 
hummocks,  and  abandoned  melt  water  channels.  The  present  topography  of  this 
terrain  closely  reflects  the  collapsed  surface  of  the  buried  Saginaw  Lobe 
ice-contact  deposits  rather  than  the  thin,  discontinuous  veneer  of  the  Erie  Lobe 
till  that  caps  many  hummocks.  The  final  glacial  terrain  is  the  Eel  River  Valley,  a 
largely  abandoned,  high-level  glacial  sluiceway  underlain  by  a  thick,  complicated 
outwash  sequence  deposited  episodically  by  both  ice  lobes. 

DISTRIBUTION  AND  CHARACTER  OF  WETLANDS 

A  large  number  of  wetlands  in  Allen  County  and  elsewhere  in  northeastern 
Indiana  have  been  partially  or  totally  altered  by  drainage  projects,  peat  mining, 
and  other  activities  that  have  disturbed  the  natural  hydrologic  regime. 
Consequently,  areas  described  as  "wetlands"  on  modern  land  resource  surveys 
generally  represent  only  a  small  portion  of  what  existed  prior  to  European 
settlement.  In  northwestern  Allen  County,  there  are  numerous  areas  underlain  by 
peat  or  mineral  soils  having  hydric  characteristics  that  are  now  largely  drained 
and  have  thus  lost  most  or  all  of  their  natural  wetland  qualities.  Therefore,  the 
term  "wetland"  is  used  somewhat  loosely  herein  and  refers  to  both  existing  and 
former  wetlands. 

Wetlands  occur  in  all  of  the  glacial  terrains  in  northwestern  Allen  County; 
however,  the  distributions  of  different  wetland  types  show  a  strong  relationship 
to  local  geologic  setting.  These  wetlands  can  be  grouped  into  three  general 
categories  based  on  their  settings: 

1.  Depressional  Wetlands  on  Thick  Clayey  Till.  These  wetlands  may  be 
either  mineral-  or  peat-based.  Many  of  them  appear  to  be  bogs  that  result 
mainly  from  the  extremely  low  hydraulic  conductivity  of  the  underlying 
till,  which  causes  surface  water  and  shallow  groundwater  to  be  perched. 
Some  may  be  fed  by  shallow  groundwater  discharge  from  fractured  till 
and  small  sand  lenses  within,  but  they  appear  to  be  largely  disconnected 
from  the  larger,  regional  groundwater  flow  system.  Most  of  these  wetlands 
are  concentrated  along  the  Wabash  Moraine  and  in  other  upland  areas 
underlain  by  thick  Erie  Lobe  till. 

2.  Flow-Through  Wetlands  Developed  on  Sand  and  Gravel.  These 
wetlands  appear  to  be  largely  mineral-based  and  occur  in  depressions  and 
small  channels  below  the  water  table.  Almost  all  of  them  are  found  in  and 
near  the  Eel  River  Valley.  They  are  thought  to  be  maintained  by 
groundwater  that  enters  on  the  upgradient  side  of  the  wetland  and  exits 
on  the  downgradient  side.  Some  of  these  wetlands  are  located  in  channels 
that  are  integrated  with  the  headwaters  of  the  Eel  River  in  far  western 
Allen  County  and  may  be  predominantly  groundwater  discharge  areas 
(fens). 
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Figure  3.  A  hydrogeologic  cross  section  showing  configuration  of  aquifers, 
confining  units,  equipotential  contours,  and  inferred  groundwater  flow  patterns 
of  the  Huntertown  aquifer  system  in  the  three  major  glacial  terrain  regions  of 
northwestern  Allen  County.  The  basal  outwash  apron,  ice-contact  units,  and 
outwash  fans  of  the  Saginaw  Lobe  as  well  as  the  outwash  of  the  Erie  Lobe 
constitute  aquifers,  whereas  the  clayey  and  sandy  tills  are  confining  units. 

3.  Depressional  Wetlands  on  Sand,  Gravel,  and  Sandy  Till-Like 
Sediments.  Most  of  these  wetlands  are  not  directly  connected  to  an 
integrated  surface  drainage  system  and  are  typically  surrounded  by 
hummocks  and  ridges  of  low-permeability  clayey  till  from  which  they 
receive  surface  runoff.  Nearly  all  of  these  are  peatlands  associated  with 
the  many  depressions  of  the  Huntertown  interlobate  area;  however,  a 
broad  area  (approximately  4  km  )  of  peatlands  in  the  Eel  River  Valley 
along  the  axis  of  the  eastern  continental  divide  is  also  included  in  this 
category,  because  it  is  disconnected  from  surface  streams  and  receives 
runoff  from  adjacent  areas.  These  depressional  wetlands  appear  to  play 
an  important  role  in  the  regional  groundwater  flow  system  and  are  the 
focus  of  the  remainder  of  this  paper. 

HYDROGEOLOGY 

The  Saginaw  Lobe  deposits  contain  numerous  small  to  large  sand  and  gravel 
aquifers  and  are  thus  a  major  source  of  groundwater  for  domestic,  municipal, 
industrial,  and  agricultural  water  users  in  northern  Allen  County.  Individual 
aquifers  within  this  sequence  of  deposits  tend  to  be  hydraulically  interconnected 
and  function  as  a  coherent,  well-defined  system  termed  the  Huntertown  aquifer 
system  (Figure  3;  Fleming,  1994).  The  extent  of  the  aquifer  system  north  of  Allen 
County  is  uncertain;  however,  reconnaissance  subsurface  mapping  suggests  that 
the  larger  sand  and  gravel  units  become  thin  and  ultimately  disappear  not  far  into 
DeKalb  and  Noble  Counties.  In  those  areas,  the  Saginaw  Lobe  sequence  is 
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Figure  4.  A  map  of  northwestern  Allen  County  showing  the  potentiometric 
surface  of  the  Huntertown  aquifer  system.  The  contours  primarily  represent  water 
levels  in  the  basal  outwash  apron,  the  most  widespread  and  most  commonly  used 
aquifer  in  the  system.  The  dot  pattern  corresponds  to  the  inferred  recharge  area 
in  parts  of  the  Eel  River  Valley  and  the  Huntertown  interlobate  area,  where  the 
aquifer  system  is  poorly  confined. 

generally  much  thinner  and  appears  to  contain  only  small,  isolated  lenses  of  sand 
and  gravel  enclosed  within  less  permeable  till. 

The  Huntertown  aquifer  system  typically  is  well  confined  by  clayey  Erie 
Lobe  tills  and  lake  sediment  over  much  of  northern  Allen  County.  The  bulk 
hydraulic  conductivity  of  the  till  confining  sequence  is  typically  less  than  10"7 
cm/sec,  although  greater  values  are  known  from  the  upper  5  to  7  m  of  the  till, 
which  are  characteristically  highly  fractured  (Ferguson,  1992;  Ferguson,  et  ai, 
1992;  Fleming,  1994).  The  thickness  of  till  confining  units  over  the  Huntertown 
aquifer  system  in  northern  Allen  County  is  commonly  much  greater  than  the 
effective  fracture  depth  and  is  inferred  to  restrict  recharge  to  the  aquifers  below. 
Weathering  of  the  till  gives  rise  to  soil  series  having  very  slow  permeability 
(Kirschner  and  Zachary,  1969),  which  further  inhibits  recharge  to  underlying 
aquifers  by  increasing  surface  runoff  and  limiting  infiltration.  The  major 
exception  to  the  above  conditions  occurs  in  the  Eel  River  Valley  and  Huntertown 
interlobate  area,  where  the  clayey  tills  are  commonly  thin  (<  7  m),  discontinuous, 
or  absent  altogether  over  sizable  areas.  Consequently,  the  top  of  the  Huntertown 
aquifer  system  is  generally  at  or  near  the  land  surface  and  is  under  water  table 
conditions  in  parts  of  these  terrains  (Figure  3). 

Water  level  data  for  the  Huntertown  aquifer  system  show  a  well-defined 
regional  groundwater  flow  pattern  (Figure  4;  Fleming,  1994).  Groundwater  flow 
is  generally  from  northwest  to  southeast  under  a  relatively  consistent  horizontal 
hydraulic  gradient  of  about  2  m  per  km.  Somewhat  steeper  gradients  occur  in  the 
extreme  northwestern  corner  of  the  County  near  the  inferred  margin  of  the  aquifer 
system,  and  near  the  St.  Joseph  River  in  north-central  Allen  County,  a  deeply 
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entrenched  valley  that  functions  as  the  regional  discharge  area  for  the  system.  In 
contrast,  the  potentiometric  surface  is  virtually  flat  over  an  area  of  about  250  km2 
in  the  Eel  River  Valley  and  adjacent  parts  of  the  Huntertown  interlobate  area; 
however,  it  exhibits  several  small-  to  medium-sized  areas  where  water  levels  are 
somewhat  higher  than  the  prevailing  potentiometric  surface.  Relatively 
pronounced  downward  gradients  are  also  inferred  to  exist  in  this  area  based  on 
the  observation  that  the  elevation  of  the  water  table  is  commonly  3  to  7  m  greater 
than  water  levels  in  deeper  parts  of  the  system  (Figure  3).  Such  hydraulic  behavior 
is  characteristic  of  recharge  areas  in  general  and  is  highly  suggestive  of  a  major 
recharge  area  in  northwestern  Allen  County.  The  hydraulic  characteristics  are 
consistent  with  the  unconfined  to  semiconfined  condition  of  the  aquifer  system 
in  this  area,  which  also  coincides  with  the  highest  concentration  of  peatlands  in 
the  County. 

LANDSCAPE  AND  SURFACE  DRAINAGE  CHARACTERISTICS 

Natural  surface  drainage  within  the  Huntertown  interlobate  area  is  very 
poorly  integrated.  A  few  small,  ephemeral  surface  streams  lead  to  the  Eel  River 
Valley,  but  most  of  this  terrain  is  internally  drained  via  depressions  or  disjunct 
segments  of  small,  abandoned  meltwater  channels.  Most  of  these  features  are 
completely  enclosed  and  range  in  size  from  less  than  100  m2  to  about  0.1  km2, 
although  it  is  not  uncommon  to  find  areas  where  numerous  smaller  depressions 
have  coalesced  to  create  much  larger  (0. 1  to  0.5+  km^)  enclosed  or  semi-enclosed 
low-lying  areas.  The  larger  coalesced  depressions  are  typically  associated  with 
the  heads  of  buried  outwash  fans  and,  thus,  are  underlain  at  shallow  depth  by  sand 
and  gravel.  The  bottoms  of  many  depressional  areas  lie  below  the  water  table; 
consequently,  the  great  majority  of  these  contain  wetlands,  most  of  which  are 
small-  to  medium-sized  peatlands.  Sparse  data  obtained  from  highway  bridge 
borings,  excavations,  and  other  sources  indicate  peat  thicknesses  as  great  as  10 
m,  although  thicknesses  in  the  range  of  1  to  5  m  are  probably  more  typical. 

The  depressional  areas  are  enclosed  by  hummocks  of  clayey  till  having 
markedly  different  physical  properties.  The  hummocks  are  typically  underlain  by 
poorly  permeable  soils.  Moderately  steep  side  slopes  in  the  range  of  12  to  25 
percent  are  common,  although  a  few  slopes  are  as  steep  as  50  percent  (Kirschner 
and  Zachary,  1969).  Field  permeabilities  of  the  soils  developed  on  the  till  are 
characteristically  very  slow.  These  properties  retard  the  infiltration  of  precipitation 
and  snowmelt  into  the  hummocks  and  generate  a  considerable  amount  of  surface 
runoff  into  adjacent  depressional  areas  (Figure  5).  Ponding  of  runoff  in  depressions 
was  observed  by  the  author  on  numerous  occasions  and  appears  to  be  largely  a 
seasonal  phenomenon.  Standing  water  as  much  as  a  meter  or  more  in  depth  was 
commonly  present  in  depressions  during  late  winter  and  spring  but  appeared  to 
largely  dissipate  by  early  summer.  Accumulation  of  runoff  also  was  observed  in 
some  depressions  following  heavy  summer  storms,  but  the  water  generally 
dissipated  within  a  few  days.  Some  surface  runoff  may  also  enter  the  peatlands 
in  the  Eel  River  Valley,  either  directly  from  adjacent  hummocks  or  via  small 
surface  ravines  and  drainage  ditches  that  enter  this  part  of  the  valley. 

Near-surface  relations  in  the  Eel  River  Valley  differ  only  slightly,  with  up  to 
12  m  of  peat  overlying  thick  outwash  along  the  valley  axis.  Most  of  the  valley 
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Figure  5.  A  schematic  diagram  illustrating  the  inferred  surface  hydrology  and 
near-surface  hydrogeology  of  the  Huntertown  interlobate  area  and  the  Eel  River 
Valley.  The  low  permeability  and  relatively  steep  side  slopes  of  the  hummocks 
generate  runoff  to  adjacent  depressional  wetlands  from  where  the  water  gradually 
leaks  into  the  underlying  aquifers.  The  largest  amount  of  recharge  is  probably 
derived  from  wetlands  having  the  thinnest  peat  and  where  sand  and  gravel  is 
directly  exposed  to  ponded  surface  water  along  the  fringes  of  depressions. 

floor  is  perfectly  flat  and  there  is  no  distinct  stream  channel  evident  where  the 
valley  crosses  the  eastern  continental  divide.  A  few  parts  of  the  valley  are  flanked 
by  low-level  outwash  terraces,  some  of  which  are  moderately  pitted,  but,  for  the 
most  part,  the  valley  is  abruptly  bounded  by  the  knob-and-kettle  topography  of 
the  adjacent  Huntertown  interlobate  area.  Soils  developed  on  both  peat  and 
outwash  exhibit  some  of  the  highest  permeabilities  of  any  in  Allen  County 
(Kirschner  and  Zachary,  1969). 

RECHARGE-DISCHARGE  FUNCTIONS  OF  WETLANDS 

The  peatlands  in  many  parts  of  the  Huntertown  interlobate  area  and  the  Eel 
River  Valley  typically  overlie  highly  permeable  sand  and  gravel  aquifers  that 
constitute  the  top  of  the  Huntertown  aquifer  system.  Downward  gradients  also 
appear  to  exist  between  the  water  table  at  the  surface  of  the  peatlands  and  the 
aquifers  lower  in  the  system.  The  hydrogeologic  setting  of  the  peatlands  is  thus 
conducive  to  leakage  into  the  underlying  aquifers  (Figure  5).  The  proportion  of 
water  that  actually  leaves  the  peatlands  as  groundwater  recharge  (versus 
evaporation)  depends  on  the  bulk  permeability  of  the  peat  and  on  the  geologic 
structure  of  any  particular  peatland.  The  permeability  of  the  peatlands  themselves 
is  likely  to  vary  widely  according  to  the  thickness  and  degree  of  decomposition 
of  the  organic  matter.  No  hydraulic  data  are  available  for  the  peatlands  in  this 
area.  Therefore,  their  properties  must  be  inferred  from  limited  observations  of 
their  physical  properties  and  from  studies  of  peat  in  other  areas. 
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The  hydraulic  conductivity  of  peat  is  known  to  vary  widely  (e.g.,  Chason  and 
Siegel,  1986;  Siegel,  1988a;  Boelter,  1965,  1972;  Rycroft,  et  al.,  1975a).  Some 
studies  suggest  that  hydraulic  conductivity  generally  decreases  with  depth  in  peat 
(e.g.,  Ingram,  et  al,  1974),  but  other  investigators  have  found  little  relationship 
to  depth  (e.g.,  Chason  and  Siegel,  1986;  Siegel,  1988a).  Hydraulic  conductivity 
does  appear  to  be  affected  by  the  degree  of  decomposition,  with  lower  hydraulic 
conductivity  values  generally  associated  with  greater  humification,  regardless  of 
depth  (Boelter,  1965,  1969,  1972;  Rycroft,  et  al,  1975a,  1975b). 

Detailed  physical  profiles  from  outcrops  or  cores  of  peat  in  northwestern 
Allen  County  are  generally  lacking.  Observations  made  by  the  author  in  a  few 
small  peat  excavations  and  ditches  and  generalized  descriptions  available  from 
records  of  geotechnical  borings  suggest  the  presence  of  two  conditions  that  may 
significantly  affect  the  nature  of  water  movement  through  the  peat.  First,  the 
overall  degree  of  decomposition  appears  generally  to  increase  with  depth  in  the 
peat,  although  some  horizons  containing  coarser  and  less  decomposed  material 
were  observed  or  reported  at  a  variety  of  depths.  Second,  a  thin  layer  of 
sedimentary  peat  (highly  decomposed,  fine-grained  material  generally  deposited 
on  lake  bottoms)  appears  to  be  commonly  present  along  the  interface  with  the 
underlying  mineral  soil. 

The  hydraulic  conductivity  of  well-decomposed  sapric  peat,  such  as  might 
be  expected  in  the  lower  parts  of  the  thickest  peatlands,  is  commonly  much  less 
than  that  of  sand  and  gravel.  Likewise,  the  hydraulic  conductivity  of  sedimentary 
peat  may  approach  that  of  fine-grained  till  (Siegel,  1988a;  Boelter,  1965,  1969). 
In  contrast,  the  coarse,  fibrous  peat  and  sandy  muck  characteristic  of  the  upper  1 
to  3  m  of  many  of  these  peatlands,  as  well  as  some  deeper  horizons,  are  highly 
permeable  (Kirschner  and  Zachary,  1969).  Based  on  these  observations,  it  seems 
likely  that  permeability  may  in  many  cases  decline  with  depth,  because  of  the 
increasing  proportion  of  sapric  peat  in  the  section  as  well  as  the  presence  of 
sedimentary  peat.  Widespread  layers  of  the  latter  are  especially  likely  to  result  in 
low  bulk  vertical  hydraulic  conductivity  in  some  of  the  larger  peatlands  and  may 
lead  to  a  high  ratio  of  horizontal  to  vertical  bulk  hydraulic  conductivity.  On  the 
other  hand,  the  distribution  of  horizontal  hydraulic  conductivity  may  be  quite 
heterogeneous  within  parts  of  these  peatlands,  because  localized  zones  of  less 
decomposed  (and  thus  more  permeable)  material  may  act  as  conduits  for  the 
lateral  transmission  of  water. 

Several  inferences  concerning  water  movement  into  and  out  of  the  peatlands 
can  be  made  if  it  is  assumed  that  the  hydraulic  characteristics  outlined  above  are 
generally  typical  of  wetlands  in  northwestern  Allen  County.  Depressions 
characterized  by  thin,  fibrous  peat  deposits  of  relatively  high  bulk  permeability 
are  likely  to  have  substantially  greater  rates  of  leakage  to  underlying  aquifers  than 
those  filled  by  thick,  decomposed  peat.  In  contrast,  the  low  permeability  of  sapric 
and  sedimentary  peat  is  likely  to  greatly  retard  vertical  leakage  through  the 
bottoms  of  the  thicker  peatlands,  causing  the  water  table  within  these  peatlands 
to  become  perched  above  the  true  zone  of  saturation  during  dry  periods. 
Consequently,  the  majority  of  groundwater  recharge  that  does  originate  from 
thick  peatlands  is  inferred  to  occur  primarily  through  their  sides  during  periods 
of  high  water  levels.  Observations  noted  earlier  suggest  that  such  periods  are 


158  A.  H.  Fleming  Vol.  103  (1994) 


common  and  are  associated  with  the  high  runoff  that  occurs  during  spring  thaw 
and  spring  and  early  summer  precipitation.  Spring  is  also  typically  a  period  of 
high  water  levels  in  the  underlying  aquifer  system;  consequently,  coincidental 
accumulation  of  runoff  in  enclosed  depressions  is  likely  to  lead  to  the  formation 
of  groundwater  mounds  above  the  aquifer  system.  Dissipation  of  the  mounds 
occurs  by  a  combination  of  evaporation  and  groundwater  recharge  through  the 
more  permeable  fibrous  peat  and  granular  sediment  along  the  sides  of  the  wetland. 
Recharge  is  also  likely  to  be  enhanced  in  peatlands  of  all  sizes  by  irregularities 
and  protuberances  associated  with  the  hummocky  upper  surface  of  the  aquifer 
system,  which  create  localized  zones  of  direct  hydraulic  communication  between 
the  water  ponded  in  the  wetlands  and  subjacent  aquifers. 

Transient  groundwater  mounds  have  been  observed  under  similar  conditions 
elsewhere  and  are  increasingly  recognized  as  an  important  component  of  the 
water  budget  of  some  lakes  and  wetlands  (e.g.,  Born,  et  al.,  1974;  Anderson  and 
Munter,  1981;Winter,  1981;Siegel,  1988c;  Kusler,  1988).  Similar  to  the  wetlands 
of  northwestern  Allen  County,  groundwater  mounds  in  nearly  all  of  these  other 
areas  also  developed  mainly  in  the  spring  and  generally  were  dissipated  by 
summer.  Their  appearance  and  dissipation  likewise  were  correlated  with 
groundwater  recharge  events. 

GEOCHEMICAL  EVIDENCE  FOR  GROUNDWATER  RECHARGE 

Certain  geochemical  parameters  are  useful  in  many  hydrogeologic  settings 
for  determining  the  relative  age  of  groundwater,  its  position  in  the  groundwater 
flow  system,  and  (or)  the  environmental  conditions  under  which  it  was  recharged. 
In  addition  to  major  ion  chemistry,  tritium  (3H),  deuterium  (2H),  oxygen  (*80, 
160),  and  carbon  (13C,  14C)  are  among  the  environmental  isotopes  commonly 
employed  for  these  purposes  in  groundwater  studies  (Hendry,  1988). 

Tritium  concentrations  are  represented  in  tritium  units  (T.U.),  where  one  T.U. 
is  equal  to  one  atom  of  3H  per  10  ^  atoms  of  hydrogen.  Tritium  is  naturally  present 
at  very  low  levels  (2  to  25  T.U.)  in  the  atmosphere,  where  it  is  produced  during 
the  bombardment  of  nitrogen  atoms  by  cosmic  rays.  The  isotope  is  readily 
incorporated  into  water  molecules  and  is  removed  from  the  atmosphere  by 
precipitation.  Massive  amounts  of  tritium  were  introduced  into  the  atmosphere 
as  a  consequence  of  above-ground  nuclear  testing.  Atmospheric  tritium 
concentrations  peaked  at  several  thousand  tritium  units  (T.U.)  in  1963  and  have 
since  declined  to  about  50  to  100  T.U.  The  half-life  of  tritium  is  only  12.35  years. 
Thus,  groundwater  recharged  since  the  advent  of  above-ground  bomb  testing 
exhibits  a  measurable  (  1  T.U.)  tritium  content,  whereas  older  groundwater  does 
not.  Consequently,  tritium  is  an  excellent  tool  for  the  identification  of  relatively 
young  groundwater  and  for  indicating  the  locations  of  groundwater  recharge  areas 
(Bradbury,  1991;  Knott  and  Olimpio,  1986;  Thatcher,  1962).  Recent  chemical 
analyses  of  groundwater  from  the  Huntertown  aquifer  system  (Fleming  and 
Yarling,  1994)  indicated  the  presence  of  tritiated  groundwater  at  many  places 
below  the  Huntertown  interlobate  area  and  the  Eel  River  Valley.  In  other, 
better-confined  parts  of  the  aquifer  system,  however,  tritium  was  below  the 
detection  limit  of  0.8  T.U.  Tritium  concentrations  up  to  15  to  30  T.U.  were  found 
in  shallow  aquifers  close  to  the  large  peatlands  in  the  Eel  River  Valley  and  in 
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areas  of  abundant  large  enclosed  depressions,  whereas  somewhat  lesser  tritium 
values  were  typical  at  greater  depths  in  this  area. 

The  ratios  of  the  stable  isotopes  of  oxygen  (180, 160)  and  hydrogen  (2H,  1H) 
in  the  atmosphere  are  temperature  sensitive,  with  the  evaporation  of  the  heavier 
isotopes  of  each  element  being  favored  by  warmer  conditions  and  retarded  by 
cooler  ones.  Most  precipitation  originates  by  evaporation  from  the  open  ocean. 
Thus,  the  precipitation  tends  to  exhibit  a  distinct  isotopic  signature  that  reflects 
the  particular  climatic  conditions  under  which  evaporation  occurred.  This 
relationship  can  be  used  to  identify  groundwater  that  was  recharged  under 
long-term  climatic  conditions  significantly  different  from  the  modern  situation 
(Drever,  1988).  Various  lines  of  evidence,  such  as  analyses  of  ice  cores  from  the 
Greenland  Ice  Sheet  (Arnason,  1981),  suggest  that  the  precipitation  that  fell  on 
the  Northern  Hemisphere  during  the  Late  Wisconsin  glaciation  was  depleted 
significantly  in  the  heavy  isotopes  of  these  elements  relative  to  modern 
precipitation.  Several  studies  of  groundwater  chemistry  from  the  Great  Lakes 
region  have  found  isotopically  light  groundwater  at  depth,  some  of  which  has 
apparent  radiocarbon  ages  of  8,000  to  10,000  years  (Desaulniers,  et  ai,  1981; 
Bradbury,  et  al,  1985;  Fritz,  et  al,  1974).  In  contrast,  isotopic  values  for  oxygen 
and  deuterium  from  wells  throughout  the  Huntertown  aquifer  system  were  within 
a  narrow  range  that  is  consistent  with  modern  temperate  precipitation  in  northern 
Indiana  (Drever,  1988).  This  result  is  comparable  to  isotopic  values  found  in 
groundwater  from  other  glacial  deposits  further  south  in  Allen  County  (Ferguson, 
1992;  Ferguson,  et  al,  1992)  and  suggests  that  the  aquifer  system  has  been 
completely  recharged  by  modern  precipitation.  Groundwater  from  many  of  the 
same  wells  that  exhibited  elevated  tritium  concentrations  also  showed  a  minor 
but  systematic  depletion  of  heavy  isotopes  relative  to  other  parts  of  the  aquifer 
system.  The  meaning  of  this  pattern  is  not  clear  at  this  time,  but  the  pattern  could 
conceivably  be  related  to  the  fractionation  of  these  isotopes  by  vegetation, 
decomposition  processes,  or  precipitation  of  carbonate  minerals  within  the 
peatlands. 

Other  geochemical  patterns  also  suggest  the  presence  of  relatively  young 
groundwater  below  the  inferred  recharge  area.  Groundwater  from  wells  in  that 
area  demonstrated  slight  to  strong  enrichment  in  13C  relative  to  wells  elsewhere. 
Analyses  of  the  carbon  cycle  of  this  system  are  incomplete,  but  this  characteristic 
probably  corresponds  to  an  increase  in  dissolved  organic  carbon,  which  in  turn 
may  be  attributable  to  organic  acids  derived  from  the  biodegradation  of  peat.  The 
concentrations  of  total  dissolved  solids  (TDS)  are  relatively  low  in  groundwater 
below  the  recharge  area  (commonly  400  mg/1)  and  show  a  slow  but  progressive 
increase  down-gradient  to  the  southeast.  The  down-gradient  increase  in  TDS  also 
coincides  with  a  change  from  bicarbonate  to  sulfate  as  the  predominant  anion. 
Concentrations  of  iron  and  several  trace  metals  also  appear  to  be  less  in 
groundwater  near  the  recharge  area  than  in  areas  further  down-gradient. 

In  summary,  geochemical  relations  suggest  that:  1)  groundwater  below  the 
Eel  River  Valley  and  parts  of  the  Huntertown  interlobate  area  has  experienced  a 
shorter  residence  time  than  in  other  parts  of  the  aquifer  system;  2)  a  significant 
component  of  modern  (tritiated)  water  is  entering  the  regional  flow  system  in  this 
area;  and  3)  some  of  the  modern  water  may  be  derived  from  peatlands.  All  of 


160  A.  H.  Fleming  Vol.  103  (1994) 


these  relations  lend  additional  support  to  the  geologic  and  hydraulic  evidence  for 
a  regional  recharge  area  in  northwestern  Allen  County. 

DRAINAGE  OF  WETLANDS 

As  many  as  75  percent  of  the  original  wetlands  in  northwestern  Allen  County 
have  been  drained  via  ditching  of  existing  ravines  and  swales  and  by  the 
installation  of  new  ditches  that  connect  previously  isolated  depressions.  Drainage 
of  these  areas  results  in  the  loss  of  wetlands  by  lowering  the  water  table,  which 
allows  the  upper  part  of  the  peat  to  dry  out  and  blow  away,  particularly  during 
cultivation.  The  degree  to  which  the  wetlands  have  been  dewatered  depends  on 
many  factors:  e.g.,  the  depth,  profiles,  and  spacing  of  the  drainage  ditches;  the 
thickness  of  the  peatland;  and  the  hydraulic  conductivity  of  the  peat  (Boelter, 
1972).  Undoubtedly,  these  factors  vary  from  wetland  to  wetland  and  from  place 
to  place  in  a  given  wetland.  The  efficiency  of  ditches  in  dewatering  wetlands  is 
extremely  sensitive  to  relatively  small  changes  in  the  hydraulic  conductivity  of 
the  underlying  peat  (Wertz,  1968;  Boelter,  1972).  The  heterogeneous  nature 
typical  of  many  peat  deposits  and  the  relatively  large  spacing  of  drainage  ditches 
in  the  peatlands  of  northwestern  Allen  County  suggest  that  sizable  parts  of  these 
drained  wetlands  are  probably  not  completely  dewatered.  Rather,  the  artificial 
drainage  has  in  many  cases  lowered  the  water  table  only  slightly,  but  nonetheless 
sufficiently  to  facilitate  cultivation  of  the  uppermost  part  of  the  peat.  The  greatest 
impacts  are  probably  in  the  smallest  wetlands,  where  peat  deposits  are  thin  and 
underlain  by  highly  permeable  sand  and  gravel  at  very  shallow  depths. 

The  net  effect  of  artificial  drainage  on  groundwater  recharge  and  water 
quality  is  even  less  understood.  Runoff  from  uplands  adjacent  to  drained  areas 
may  be  carried  away  as  surface  water  via  the  ditches,  reducing  the  amount  of 
standing  water  available  to  recharge  subjacent  aquifers.  An  incidental  effect  of 
artificial  drainage  is  the  dewatering  of  the  top  of  the  aquifer  system,  where 
segments  of  ditches  are  excavated  into  sand  and  gravel  aquifers.  Conversely, 
sections  of  some  ditches  may  facilitate  direct  infiltration  of  surface  water  into  the 
upper  level  of  the  aquifer  system  during  periods  of  high  surface  runoff. 

The  ability  of  wetlands  to  trap  suspended  sediment  and  to  remove  certain 
dissolved  constituents  from  both  surface  runoff  and  shallow  groundwater  is  well 
known  (e.g.,  Hickok,  1979;  Elder,  1988;  Betts,  etai,  1994;  Kehew,  etal,  1994). 
The  loss  of  wetlands  within  the  recharge  area  in  northwestern  Allen  County  is 
likely  to  diminish  this  ability.  This  loss  could,  in  turn,  cause  long-term  changes 
in  the  quality  of  water  that  enters  the  aquifer  system,  particularly  where  recharge 
is  derived  from  runoff  from  agricultural  areas  on  which  large  amounts  of 
pesticides  and  fertilizers  are  applied.  All  these  effects  alter  the  hydrogeologic 
regime,  but  the  long-term  implications  for  both  the  quality  and  quantity  of 
groundwater  in  the  aquifer  system  may  not  become  evident  for  decades. 

STYLE  OF  DEGLACIATION  AS  A  FACTOR  IN  WETLAND  ORIGIN 

Evidence  from  northwestern  Allen  County  as  well  as  from  other  parts  of  far 
northeastern  Indiana  suggests  that  formation  of  much  of  the  knob-and-kettle 
topography  may  be  related  to  the  style  of  deglaciation,  which  is  in  turn  reflected 


Vol.  103  (1994)  Indiana  Academy  of  Science  161 


in  the  broader  regional-scale  pattern  of  glacial  terrain.  Known  Saginaw  Lobe 
deposits  in  northeastern  Indiana  consist  chiefly  of  large  outwash  fans,  hummocky 
morainal  ridges,  and  irregular  ablation  complexes  that  outline  several  distinct 
ice-margin  positions.  These  deposits  constitute  a  succession  of  several  distinct 
terrains  that  appear  to  be  progressively  inset  into  "holes"  or  depositional  basins 
created  by  the  collapse  or  retreat  of  the  ice  that  deposited  the  immediately 
preceding  terrain,  and  that  become  progressively  younger  to  the  northeast 
(Fleming,  etal,  1994).  Consequently,  the  depositional  sequences  associated  with 
each  of  these  terrains  tend  to  be  geographically  limited  to  relatively  narrow,  lobate 
tracts  and  are  rarely  traceable  over  more  than  a  few  miles  in  any  direction. 

This  pattern  indicates  that  the  Saginaw  Lobe  experienced  several  distinct 
pulses.  During  each  pulse,  the  ice  advanced  to  a  terminal  position  along  which 
deposition  was  concentrated,  and  then  abruptly  downwasted  in  situ.  This  pattern 
is  in  contrast  to  a  relatively  uniform  rate  of  backwasting  characterized  by 
deposition  of  a  more  uniform  blanket  of  sediment  along  a  well-defined,  steadily 
retreating  ice  margin  (e.g.,  the  central  till  plain).  Some,  or  perhaps  all,  of  these 
pulses  were  probably  closely  spaced  in  time.  Each  successively  younger  advance 
was  characterized  by  deposition  among  stagnant  ice  masses  left  by  the  earlier 
episodes.  Abundant  debris  concentrated  along  and  near  the  ice  margin  was 
deposited  as  extensive  complexes  of  ice-contact  sand  and  gravel  mixed  with  a 
variety  of  thin  tills,  debris  flows,  and  other  ablation  sediments.  This  style  of 
deglaciation  resulted  in  the  burial  of  very  large  blocks  of  stagnant  ice  in  their  own 
debris.  Abundant  depressional  wetlands,  particularly  peatlands,  were  the  natural 
result  of  this  depositional  style,  as  the  depressions  rapidly  filled  with  meltwater 
and  became  kettle  lakes.  The  bottoms  of  many  depressions  extend  below  the 
modern  water  table,  and  the  lack  of  regular  flushing  by  surface  water  flows  has 
enhanced  the  accumulation  of  peat,  causing  many  of  the  smaller  initial  lakes  to 
become  peatlands.  Radiocarbon  ages  from  peatlands  in  Steuben  County  (Wayne, 
1963)  and  from  Pretty  Lake  in  southeastern  LaGrange  County  (Williams,  1974) 
indicate  that  significant  amounts  of  organic  sediment  had  already  begun  to 
accumulate  by  about  11,000  to  13,000  ybp. 

In  northwestern  Allen  County,  the  stagnant  ice  and  ablation  complex  of  the 
Saginaw  Lobe  were  overridden  by  the  Erie  Lobe  and  partly  buried  beneath  a 
veneer  of  clayey  till.  Melting  of  the  buried  ice  blocks  led  to  the  development  of 
a  distinctive  palimpsest  topography  whose  features  bear  little  relationship  to  the 
sequence  of  surface  tills  but  are  instead  largely  inherited  from  the  hummocky 
surface  of  the  Saginaw  Lobe  sequence  below.  The  overlap  of  these  latest  Erie 
Lobe  tills  extends  over  a  large  part  of  northeastern  Indiana  that  includes  the 
massive  morainal  highland  referred  to  as  the  Packerton  Moraine  (Dryer,  1894). 
The  extent  of  strongly  palimpsest  topography  beyond  northern  Allen  County, 
derived  either  from  the  Saginaw  Lobe  or  other  sequences  underlying  the  Erie 
Lobe  tills,  has  not  been  systematically  documented,  but  it  appears  to  be  significant 
in  some  places  (Bleuer  and  Moore,  1974;  Fleming,  et  ai,  1994). 

Not  all  the  wetlands  associated  with  the  hummocky  landscapes  of 
northeastern  Indiana  are  developed  on  sand  and  gravel  nor  is  their  presence 
necessarily  an  indicator  of  outwash  fans  or  ice-contact  stratified  deposits  at 
shallow  depths.  Saginaw  Lobe  terrains  constitute  the  modern  land  surface  in  parts 
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of  western  Steuben,  LaGrange,  and  northern  Noble  Counties,  where  the 
hummocky  topography  is  more  pronounced,  because  it  is  not  veneered  by 
younger  Erie  Lobe  tills.  All  these  areas  contain  numerous  wetlands,  but  the 
sedimentary  sequences  commonly  include  abundant  till-like  and  lacustrine 
sediments  in  addition  to  a  variety  of  sand  and  gravel  bodies.  Furthermore,  many 
peatlands  along  the  massive  Packerton  Moraine  in  Noble,  DeKalb,  and  eastern 
Steuben  Counties  are  developed  on  extremely  thick  tills  of  varied  source,  and 
Saginaw  Lobe  deposits  appear  to  be  but  a  thin  wedge  at  some  places.  Thus, 
although  large  outwash  fans  may  represent  the  most  efficient  way  to  bury  and 
preserve  large  blocks  of  stagnant  ice,  wetlands  formed  in  ice-block  depressions 
can  be  associated  with  a  variety  of  glacial  sedimentary  environments. 

HYDROGEOLOGIC  IMPLICATIONS 

An  understanding  of  the  role  of  wetlands  in  the  larger  hydrogeologic  systems 
within  which  they  occur  is  typically  expensive  and  time-consuming  to  develop. 
Generalizations  from  one  wetland  to  another  are  problematic,  because,  as 
suggested  above,  a  wide  range  of  depositional  sequences  and  associated 
hydrogeologic  settings  are  possible  in  glaciated  terrains.  Even  though  a  number 
of  hydrogeologic  schemes  have  been  developed  to  classify  wetlands,  the 
relationship  of  most  wetlands  to  their  larger  hydrogeologic  settings  is  very  poorly 
understood  (Kusler,  1988;  Hollands,  1988a,  1988b).  Because  of  this  lack  of 
information,  wetlands  are  commonly  (and  often  erroneously)  presumed  to  be 
primarily  groundwater  discharge  areas,  when  in  reality  their  hydrogeologic 
relations  may  be  much  more  complex  and,  in  many  cases,  dominated  by  transient 
processes. 

The  peatlands  in  northwestern  Allen  County,  while  not  necessarily  unique, 
are  certainly  unusual  in  being  situated  within  a  hydraulically  defined  recharge 
area  for  a  major  aquifer  system  and  astride  one  of  the  major  regional  drainage 
divides  in  the  eastern  United  States.  Several  lines  of  physical  and  geochemical 
evidence  illustrate  the  historical  function  of  some  of  these  wetlands  in 
groundwater  recharge  to  the  Huntertown  aquifer  system.  The  net  effect  of 
wetlands  in  maintaining  the  quality  and  quantity  of  groundwater  recharge  may 
be  impossible  to  quantify,  but  one  practical  example  may  illustrate  their  potential 
value  in  the  larger  hydrogeologic  setting. 

The  public  wellfield  for  the  city  of  Huntertown  is  situated  in  the  southern  part 
of  the  Huntertown  interlobate  area,  less  than  1  km  south  of  the  Eel  River  Valley 
(Figure  2).  Groundwater  is  produced  at  a  rate  of  approximately  1 ,000  gallons  per 
minute  from  thick  outwash  in  the  lower  part  of  the  Huntertown  aquifer  system. 
Within  the  immediate  zone  of  influence  of  the  wellfield,  the  productive  part  of 
the  aquifer  system  is  relatively  well  confined  by  both  a  thin  layer  of  clayey  Erie 
Lobe  till  at  the  land  surface  and  by  one  or  more  internal  bodies  of  sandy  Saginaw 
Lobe  till  (Figure  6).  Consequently,  direct  recharge  to  the  wellfield  from  the  land 
surface  above  the  zone  of  influence  is  inferred  to  be  relatively  limited.  The  zone 
of  contribution  for  the  wellfield  extends  a  considerable  distance  upgradient,  and 
parts  of  the  five-  and  ten-year  capture  zones  are  estimated  to  lie  beneath  the 
wetlands  in  the  Eel  River  Valley  and  adjoining  parts  of  the  Huntertown  interlobate 
area.  There,  the  aquifer  system  is  composed  almost  entirely  of  thick  sand  and 
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Figure  6.  A  generalized  hydrogeologic  cross  section  illustrating  the  subsurface 
geology  and  groundwater  flow  patterns  in  the  vicinity  of  the  Huntertown 
municipal  wellfield. 

gravel,  is  unconfined,  and  considerable  recharge  to  deeper  parts  of  the  system  is 
inferred  to  take  place.  These  results  imply  that  recharge  from  the  wetlands 
northwest  of  the  wellfield  contributes  an  unknown  but  potentially  significant 
component  of  the  water  budget  of  the  wellfield,  and  that  the  fate  of  these  wetlands 
may  influence  the  quality  of  water  produced  by  the  wellfield  over  the  long  term. 

CONCLUSIONS 

The  internally  drained  knob-and-kettle  landscape  of  northwestern  Allen 
County  and  its  associated  depressional  wetlands  appear  to  have  resulted  from  the 
melting  of  large  ice  blocks  buried  during  the  chaotic  style  of  deglaciation  of  the 
Saginaw  Lobe.  Surface  topography  is  strongly  palimpsest,  reflecting  the  structure 
of  the  hummocky  Saginaw  Lobe  sequence  that  is  now  mostly  buried  beneath 
younger  Erie  Lobe  deposits.  In  Allen  County,  the  largest  concentration  of 
depressional  areas  and  associated  peatlands  are  associated  with  thick  buried 
outwash  deposits  that  originated  as  ice-contact  fans.  Evidence  for  a  similar  style 
of  deglaciation  elsewhere  in  northeastern  Indiana,  where  Saginaw  Lobe  deposits 
are  prominent,  suggests  that  this  model  of  landscape  and  wetland  formation  may 
be  applicable  to  the  knob-and-kettle  topography  that  characterizes  some  parts  of 
Steuben,  LaGrange,  DeKalb,  and  Noble  Counties  to  the  north. 

The  wetlands  in  northwestern  Allen  County  occur  in  at  least  three  distinct 
geologic  settings  and  thus  have  different  relationships  to  the  regional  groundwater 
flow  system: 

1.  Bogs  Perched  on  Thick,  Clayey  Till.  These  wetlands  may  have  some 
interaction  with  very  localized  flow  systems  within  near-surface  till,  but 
they  have  essentially  no  relationship  to  the  deeper  regional  flow  system. 
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2.  Fens  Situated  on  Saturated  Sand  and  Gravel.  These  wetlands  are 
predominantly  groundwater  discharge  areas  or  flow-through  wetlands 
with  respect  to  the  upper  part  of  the  regional  flow  system. 

3.  Depressional  Wetlands  Located  Over  a  Regional  Recharge  Area. 

These  wetlands  exhibit  the  most  transient  response,  but  they  serve  mainly 
to  transfer  surface  runoff  into  the  top  of  the  underlying  aquifer  system. 

This  diversity  of  hydrogeologic  settings  within  a  small  geographic  area  (relative 
to  the  whole  of  northeastern  Indiana)  suggests  a  wide  range  of  possible 
interactions  between  wetlands  and  groundwater  in  glaciated  terrains  and  its 
dependence  on  the  regional  geologic  setting.  This  diversity  also  illustrates  the 
potential  dangers  of  making  a  priori  assumptions  about  the  recharge-discharge 
functions  of  wetlands. 

The  peatlands  within  the  Eel  River  Valley  and  surrounding  interlobate 
terrains  of  Allen  County  are  characterized  by  an  unusual  combination  of  geologic 
history,  regional  hydrogeologic  setting,  and  location  on  a  major  surface  drainage 
divide.  The  convergence  of  these  factors  has  created  a  situation  in  which  the 
wetlands  appear  to  have  a  significant  recharge  function  for  a  regionally  extensive 
and  productive  aquifer  system.  The  geologic  origin  and  general  characteristics  of 
these  wetlands  are  similar  to  those  in  other  parts  of  the  Steuben  Morainal  Lake 
Area  of  northeastern  Indiana.  It  seems  reasonable,  therefore,  to  expect  that  other 
wetlands  in  the  region  may  be  situated  within  groundwater  recharge  areas. 
However,  the  existence  of  a  recharge  function  is  meaningful  only  at  places  where 
significant  aquifers  are  present  directly  beneath  and  are  thus  receiving  recharge 
from  the  wetland.  The  existence  of  this  condition  is  best  identified  through  an 
understanding  of  the  regional  hydrogeologic  setting.  The  results  presented  herein 
highlight  the  necessity  of  interpreting  and  classifying  wetlands  in  terms  of  their 
total  hydrogeologic  setting  —  an  undertaking  that  is  commonly  problematic  in 
the  absence  of  a  relatively  detailed  and  systematic  study  of  subsurface  geology 
and  hydraulic  head  data. 

The  long-term  impacts  of  the  destruction  of  many  wetlands  resulting  from 
drainage  projects  designed  to  "improve"  land  for  agriculture  and  other  purposes 
may  ultimately  represent  the  "law  of  unintended  consequences."  These 
modifications  have  probably  altered  the  balance  of  surface  water-groundwater 
interaction  in  the  recharge  area  for  the  Huntertown  aquifer  system.  The  effects  of 
these  alterations  on  the  quality  or  quantity  of  groundwater  in  this  economically 
important  groundwater  resource  are  not  likely  to  become  evident  for  decades. 
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ABSTRACT:  The  coastal  wetlands  of  the  Great  Lakes  are  formed  and  maintained 
by  the  interaction  of  biological,  chemical,  and  physical  processes.  The  initial 
development  and  early  history  of  the  wetlands  are  controlled  by  physical 
processes.  The  formative  physical  processes  are  important  in  creating  the 
wetland  basin,  the  predepositional  topography  of  the  basin,  and  the  hydrologic 
connections  within  and  between  the  wetland  sediments  and  surrounding  deposits. 
The  early  physical  processes  in  coastal  areas  are  primarily  nearshore,  eolian,  and 
overwash  transport  and  deposition.  The  formative  processes  and  their  impact  on 
later  biological  and  chemical  processes  in  the  wetland  basin  are  poorly  known. 

Wetlands  are  common  features  in  the  coastal  environments  that  border  Lake 
Michigan  and  its  ancestral  equivalents.  Most  occur  in  interdunal  and  intradunal 
settings,  but  others  occur  between  individual  beach  ridges  and  larger  dune  and 
beach  complexes.  The  largest  wetland  in  the  area  is  the  Great  Marsh.  The  Great 
Marsh  is  a  22-km-long  and  0.8-  to  1.2-km-wide  peatland,  extending  through  the 
eastern  part  of  the  Indiana  Dunes  National  Lakeshore  and  across  the  southern  part 
of  the  Indiana  Dunes  State  Park  and  Nature  Preserve.  The  Great  Marsh  began  to 
form  about  6,300  years  ago,  during  the  final  stages  of  the  post-Chippewa  Phase 
transgression,  as  a  lagoon  between  the  Calumet  Beach  and  the  early  Toleston 
Beach.  Over  the  next  approximately  3,000  years,  the  wetland  basin  changed  from 
a  lagoon  to  a  series  of  isolated  ponds  that  accumulated  freshwater  carbonate,  and 
finally,  to  an  extensive  peatland.  This  change  was  primarily  controlled  by  the 
external  influence  of  the  water  level  in  Lake  Michigan,  that  reached  its  highest 
postglacial  peak  about  4,500  years  ago  before  slowly  falling  to  the  elevation 
observed  today.  The  southern  margin  of  the  Great  Marsh  is  a  simple  onlapping 
of  palustrine  sediments  over  the  nearshore  deposits  of  the  Calumet  Beach, 
whereas  the  northern  margin  contains  a  complex  stratigraphy  consisting  of 
interbedded  lacustrine,  palustrine,  eolian,  and  washover  sediments.  The  Great 
Marsh  is  locally  recharged  from  the  Calumet  and  Toleston  Beaches,  but  the 
wetland  also  receives  regional  groundwater  recharge  from  an  artesian  aquifer 
system  discharging  upward  through  breaks  in  the  till  and  glacial-lake  sediments 
below  the  peat. 

West  of  the  Great  Marsh,  the  Toleston  Beach  changes  from  a  series  of 
coalesced  parabolic  dunes  to  more  than  100  individual  beach  ridges,  separated 
by  narrow  curvilinear  wetlands.  Study  of  the  internal  architecture  and  timing  of 
beach-ridge  development  indicates  that  a  shore-parallel  beach  ridge  formed  along 
the  western  Indiana  shore  about  every  30  years.  A  wetland  formed  in  the  swales 
between  ridges  soon  after  the  development  of  the  beach  ridge  lakeward  of  it.  Like 
the  beach  ridges,  the  wetlands  are  a  chronosequence  from  the  oldest  wetlands  in 
the  landward  part  of  the  Toleston  Beach  to  the  youngest  wetlands  in  the  lakeward 
part.  Similar  to  the  Great  Marsh,  the  wetlands  are  interbedded  on  their  lakeward 
margin  with  eolian  and  overwash  sediments.  Although  influenced  by  drainage 
divides,  most  wetlands  are  simple  flow-through  groundwater  systems. 

KEYWORDS:  Coastal,  Great  Marsh,  history,  Indiana  Dunes,  lake  level.  Late  Holocene, 
Toleston  Beach,  wetlands. 
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Figure  1.  Map  of  the  southern  shore  of  Lake  Michigan  showing  the  areas 
discussed  in  the  text. 

INTRODUCTION 


Wetlands  are  common  features  along  many  Great  Lakes'  shorelines.  These 
coastal  wetlands  occur  in  all  paralic  settings  and  are  formed  and  maintained  by 
an  interaction  of  biological,  chemical,  and  physical  processes.  The  initial 
development  and  early  history  of  these  wetlands  are  dominantly  controlled  by 
physical  processes  with  the  chemical  and  biological  processes  taking  precedence 
later.  The  formative  physical  processes  in  coastal  areas  are  primarily  nearshore, 
eolian,  and  overwash  transport  and  deposition;  they  are  important  in  creating  the 
wetland  basin,  the  predepositional  topography  of  the  basin,  and  the  hydrologic 
connections  within  and  between  the  wetland  sediments,  the  coast,  and  surrounding 
mainland  deposits.  The  extended  impact  of  these  formative  processes  on  biological 
and  chemical  processes  in  the  wetland  basin  are  poorly  known. 

Wetlands  occur  along  Indiana's  coast  with  Lake  Michigan  (Figure  1).  They 
are  found  in  interdunal  and  intradunal  settings,  and  between  individual  beach 
ridges  and  larger  dune  and  beach  complexes.  The  largest  extant  coastal  wetland 
in  the  area  is  called  the  Great  Marsh,  which  is  located  in  the  eastern  part  of 
Indiana's  coast.  Other  coastal  wetlands  occur  in  the  swales  between  individual 
beach  ridges  within  the  central  and  western  part  of  the  Toleston  Beach.  My 
purpose  in  this  paper  is  to  summarize  the  developmental  history  of  both  wetland 
systems  and  to  briefly  discuss  the  importance  of  the  formative  physical  processes 
on  the  sedimentological  character  of  the  wetland. 
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Figure  3.  Schematic  diagram  of  wetland  development  throughout  the  Late 
Holocene. 


GREAT  MARSH 

The  Great  Marsh  is  a  22-km-long  and  0.8-  to  1 .2-km-wide  peatland  (Figure 
2),  extending  through  the  eastern  units  of  the  Indiana  Dunes  National 
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Figure  5.  Aerial  photograph  of  beach  ridges  in  the  Gary  area  in  1938.  The 
light-colored  arcs  are  beach  ridges.  Black  areas  are  the  wetlands  between  beach 
ridges.  Mid  to  late  20th  century  urbanization  has  removed  most  of  this  ridge  and 
swale  topography  from  the  landscape. 


Lakeshore  and  across  the  southern  part  of  the  Indiana  Dunes  State  Park  and 
Nature  Preserve.  The  Great  Marsh  is  bounded  on  the  south  by  the  Calumet 
Beach,  a  spit  that  formed  across  the  coast  from  1 1,800  to  about  10,200  years 
ago  (Chrzastowski  and  Thompson,  1992).  North  of  the  Great  Marsh  is  the 
Toleston  Beach.  The  Toleston  Beach  began  to  form  about  6,300  years  ago, 
during  the  final  stages  of  the  post-Chippewa  Phase  transgression  (Thompson, 
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Figure  6.  Graphs  of:  (A)  foreshore  elevation  vs.  distance  landward  from  the 
originally  surveyed  shoreline;  (B)  calibrated  radiocarbon  age  vs.  distance 
landward;  and  (C)  the  Late  Holocene  lake  level. 

1989).  The  development  of  the  Great  Marsh  is  concurrent  with  the  establishment 
and  growth  of  the  Toleston  Beach. 

To  study  the  interrelationships  between  the  Great  Marsh  and  surrounding 
deposits,  98  vibracores  were  collected  in  the  Great  Marsh,  Calumet  Beach,  and 
Toleston  Beach  (Figure  2),  using  the  techniques  of  Thompson,  et  al.  (1991b).  In 
addition,  several  outcrops  were  measured  along  the  coast  near  Michigan  City. 
The  vibracores  and  outcrops  were  used  to  create  ten  shore-perpendicular  cross 
sections  across  the  wetland  (Figure  2).  These  cross   sections  define  the 
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stratigraphic  relationships  between  the  wetland  and  the  marginal  coastal 
sediments  and  long-term  patterns  of  shoreline  and  wetland  interaction. 

These  data  indicate  that  the  Great  Marsh  has  undergone  three  stages  of 
development  (Figure  3).  The  first  stage  (6,000  to  5,500  yrs  BP)  was  as  a  lagoon 
between  the  Calumet  Beach  and  the  early  Toleston  Beach  (Figure  3A).  At  this 
time,  the  wetland  basin  was  influenced  by  washover,  eolian,  and  lacustrine 
processes  that  produced  a  calcareous  clay  layer  that  interfingers  lakeward  with 
washover  and  eolian  sand  (Thompson,  1987, 1989).  Throughout  this  time  period, 
the  Toleston  Beach  was  migrating  landward  by  overwash  and  growing  in  height 
through  nearshore  and  eolian  accumulation.  On  the  southern  side  of  the  wetland 
basin,  the  lacustrine  sediments  onlapped  the  lower  shoreface  and  upper  shoreface 
sediments  of  the  Calumet  Beach  (Thompson,  1987). 

Continued  growth  of  the  Toleston  Beach  (5,500  to  3,000  yrs  BP)  by  eolian 
and  nearshore  processes  systematically  precluded  overwash  from  going  into  the 
basin.  Without  a  supply  of  clay  from  Lake  Michigan  and  as  accommodation  space 
decreased,  the  lagoon  changed  into  a  series  of  isolated  ponds  accumulating 
freshwater  carbonate  (marl)  surrounded  by  vegetation  (Figure  3B).  At  this  time, 
large  parabolic  dunes  migrated  off  the  back  side  of  the  Toleston  Beach  into  the 
wetland  basin,  forcing  the  marl  ponds  to  the  southern  side  of  the  basin. 
Unpublished  radiocarbon  dates  from  the  base  of  the  wetlands  in  the  interior  of 
the  parabolic  dunes  indicate  that  the  dunes  were  active  before  3,200  years  BP. 

Lake  level  in  Lake  Michigan  reached  a  Late  Holocene  high  at  about  4,500 
years  BP  and  fell  to  a  low  about  2,600  years  BP  before  entering  a  phase  of 
lake-level  variation  that  is  similar  to  today  (Thompson,  et  ai,  1991a;  Thompson, 
1992).  The  low  external  lake  level  and  decreasing  precipitation  about  2,600  years 
ago  caused  the  marl  ponds  in  the  Great  Marsh  to  dry  and  to  become  covered  with 
vegetation  (Miller  and  Thompson,  1990).  Essentially,  the  open- water  phase  of 
the  wetland  had  ended,  and  conditions  similar  to  the  pre-settlement  conditions  in 
the  area  were  established  across  the  basin  (Figure  3C). 

WETLANDS  IN  THE  STRANDPLAIN  OF  THE  TOLESTON  BEACH 

The  Toleston  Beach  north  of  the  Great  Marsh  is  a  series  of  coalesced 
parabolic  dunes  overlying  a  gravel-beach  core.  Westward,  however,  the  dune 
field  and  underlying  nearshore  deposits  fan  out  into  about  100  curvilinear  beach 
ridges  that  arc  across  Indiana's  coast  (Figure  4).  This  strandplain  is  one  of  the 
largest  in  the  Great  Lakes  basin.  The  western  Toleston  Beach  is  a  record  of 
lake-level  fluctuations  in  Lake  Michigan  over  the  past  4,000  years,  because 
beach-ridge  development  is  related  to  rises  and  falls  in  lake  level  (Olson,  1958; 
Thompson,  et  ai,  1991 ;  Thompson,  1992).  Prior  to  the  urbanization  of  this  area, 
wetlands  occurred  between  almost  all  of  these  beach  ridges  (Figure  5). 

Jackson,  et  al.  (1988)  examined  the  vegetational  history  of  the  wetlands  in 
the  eastern  part  of  the  strandplain.  They  found  no  significant  change  in 
vegetation  within  and  between  ridges  over  the  past  3,000  years.  Consequently, 
paleobotanical  studies  yield  little  information  on  the  developmental  history  of  the 
coastal  and  wetland  systems.  An  alternative  source  of  information,  the  coastal 
geologic  record,  is  needed  to  establish  the  developmental  history  of  the  wetlands. 
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To  understand  the  change  in  lake  level  accompanying  beach-ridge 
development  and  the  timing  of  beach-ridge  development,  61  vibracores  crossing 
about  75  beach  ridges  were  collected.  The  vibracores  were  taken  along  the 
lakeward  margin  of  the  beach  ridges  to  collect  foreshore  (swash  zone)  sediments. 
The  base  of  the  foreshore  is  a  close  approximation  of  actual  lake  level  when  the 
beach  ridge  formed  (Figure  6A).  In  addition,  23  radiocarbon  dates  were  determined 
on  basal  wetland  sediments  (peat  and  organic  sands)  in  the  swales  (Figure  6B).  The 
radiocarbon  dates  are  minimum  ages  of  beach-ridge  development.  To  reduce 
variability  and  assign  ages  to  undated  ridges,  a  least-squares  linear  regression  was 
run  through  the  data.  Using  the  regression  line  as  real  time,  a  lake-level  curve  was 
constructed  from  the  elevation  and  age  data  (Figure  6C). 

These  data  suggest  that  a  beach  ridge  was  formed  about  every  30  years 
(Thompson,  1992).  Consequently,  a  swale  in  which  a  wetland  would  develop  was 
also  formed  behind  the  beach  ridge  during  this  time.  Without  the  development  of  a 
new  beach  ridge  along  the  Indiana  shore,  no  swale  accommodating  the  wetland 
would  have  been  created.  Because  many  of  the  beach  ridges  are  low-relief 
features,  overwash  commonly  overtopped  the  ridges  and  deposited  discontinuous 
washover  fans  into  the  swales.  Moreover,  many  ridges  contained  small  parabolic 
dunes  than  migrated  landward  into  the  wetlands.  Both  processes  create  a  complex 
stratigraphy  along  the  lakeward  side  of  the  wetlands.  This  stratigraphy  creates  a 
direct  hydrologic  connection  between  the  ridge  and  the  swale  only  on  the  northern 
side  of  the  wetland.  Along  the  southern  side  of  the  wetland  basin,  palustrine 
deposits  simply  onlap  the  nearshore  sediments  of  the  next  landward  beach  ridge. 

DISCUSSION 

Wetlands  are  formed  and  maintained  by  an  interaction  of  biological, 
chemical,  and  physical  conditions  and  processes.  Most  studies  of  wetlands  have 
focused  primarily  on  the  effects  of  the  chemical  and  biological  processes  on  the 
wetland  system.  These  effects  are  predominant  in  the  later  stages  of  wetland 
development.  Few  studies  have  focused  on  the  formative  physical  processes  that 
create  the  wetland  basin  and  its  hydrologic  connectedness  to  surrounding 
sediments  (Thompson,  1988).  In  coastal  settings,  physical  processes  can  have  an 
extended  impact  as  the  coastal  system  responds  to  the  numerous  factors  that 
influence  shoreline  behavior. 

In  the  Indiana  Dunes,  the  Great  Marsh  and  the  small  wetlands  inside  the 
Toleston  Beach  owe  their  existence  to  the  development  of  beach  ridges  offshore 
of  the  area  of  the  swale.  In  both  cases,  the  formation  of  the  beach  ridge  created 
the  basin  and  the  intrabasin  topography  in  which  the  wetland  developed.  The 
Great  Marsh  began  its  existence  as  a  lagoon  landward  of  the  Toleston  Beach 
during  the  final  stages  of  lake-level  rise  from  the  Chippewa  Phase  of  ancestral 
Lake  Michigan.  The  wetlands  within  the  Toleston  Beach,  on  the  other  hand, 
formed  in  the  swales  between  beach  ridges  during  a  long-term  fall  in  Late 
Holocene  lake  level,  but  they  owe  their  existence  to  short-term  fluctuations  in 
lake  level  that  produced  the  beach  ridges.  These  fluctuations  occur  about  every 
30  years  in  response  to  climatic  variations  over  Midwestern  North  America 
(Thompson,  1992). 
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In  both  settings,  overwash  and  dune  development  were  important  processes 
imposed  on  the  wetland  system.  Both  processes  produced  beds  of  sand  that  extend 
from  the  nearshore  and  onshore  deposits  on  the  lakeward  side  of  the  wetland  and 
pinch  out  into  the  wetland.  The  sand  layers  create  hydrogeologic  connections 
between  the  ridges  and  the  wetland.  This  relationship  does  not  occur  on  the 
landward  side  of  the  wetland,  where  the  wetland  sediments  simply  onlap  the 
beach  ridge. 
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Wetlands  are  complex  ecological  systems  which  combine  the  characteristics 
of  both  terrestrial  and  aquatic  environments.  Wetlands  play  an  important  role 
in  hydrological,  chemical,  and  biological  cycles,  and,  through  covering 
approximately  6%  of  the  earth's  land  surface,  they  are  also  a  major  feature  of  the 
landscape.  Historically,  however,  the  processes  of  urban,  agricultural,  and 
industrial  development  have  resulted  in  the  extensive  destruction  of  wetlands, 
and,  until  recently,  the  critical  value  of  wetlands  to  both  human  populations  and 
natural  systems  was  not  fully  recognized.  In  this  presentation,  the  various  types 
of  wetlands  that  appear  on  every  continent  except  Antarctica  will  be  discussed, 
and  an  in-depth  discussion  of  the  types  of  wetlands  found  in  Indiana  will  be 
provided.  A  general  picture  will  be  developed  of  the  biogeochemistry  of  some 
representative  inland  and  coastal  systems.  The  benefits  to  society  of  preserving 
the  environmental  integrity  of  these  wetland  ecosystems  and  some  of  the  dangers 
accompanying  wetland  destruction  will  be  highlighted.  Time  allowing,  some 
mention  will  be  made  of  the  variety  of  wetlands  research  projects  (ranging  from 
work  in  the  mangrove  swamps  of  India,  in  the  marshes  of  the  Florida  Everglades, 
and  in  artificial  wetlands  in  southern  California)  on  which  the  speaker  has 
participated. 
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ABSTRACT:  Wetland  biology  typically  is  hydrologically  driven.  The  hydrology  of 
created  and  restored  wetlands  frequently  differs  from  that  of  natural  systems,  and  the 
resulting  floral  and  faunal  composition  of  the  wetland  may  also  differ.  In  general,  restored 
wetlands  are  more  similar  to  natural  wetlands  than  are  created  wetlands,  and  the  biota  of 
restored  wetlands  will  more  closely  resemble  that  of  natural  wetlands.  Created  wetlands 
vary  greatly  from  natural  wetlands  in  both  the  hydroperiod  and  the  quality  of  the  water 
moving  through  them.  Consequently,  created  wetlands  are  often  biologically  quite 
distinct  from  natural  wetlands. 

Substantial  efforts  to  restore  wetlands  throughout  the  United  States  have  been 
taking  place  since  the  mid-1980s.  The  goals  of  wetland  restoration  are  to  1)  improve 
water  quality,  to  2)  control  stormwater,  and  to  3)  provide  habitat  for  a  variety  of  plants 
and  animals.  Numerous  species  of  plants  and  animals,  including  many  endangered  or 
threatened  species,  are  dependent  upon  wetland  habitats.  Following  restoration  of  the 
hydrologic  regime,  native  aquatic  plants  return  to  restored  wetlands  within  one  year.  As 
the  water  regime  and  plant  cover  become  established,  the  wetlands  are  colonized  by  a 
variety  of  animals,  including  aquatic  invertebrates.  Use  of  the  wetland  system  by  wildlife 
is  directly  related  to  the  size  of  the  wetland,  but  distance  between  wetlands  may  affect 
the  occurrence  of  taxa  that  have  restricted  dispersal  ability. 

Unlike  most  natural  wetlands,  artificially  created  wetlands  may  have  constant  water 
regimes  that  can  influence  the  floral  composition  of  the  system.  Wetland  plants  that  need 
periods  of  drawdown  are  often  eliminated  with  time.  The  biology  of  wetlands  created 
for  wastewater  treatment  is  also  greatly  influenced  by  influent  water  quality.  Wastewater 
often  contains  high  levels  of  organics  and  ions  that  stress  both  the  plants  and  the  animals. 
If  the  system  is  used  for  the  primary  or  secondary  treatment  of  wastewater,  the 
invertebrate  assemblage  will  shift  to  pollution-tolerant  species.  Even  created  wetlands 
utilized  for  tertiary  wastewater  treatment  may  be  subjected  to  water  of  lower  quality  than 
natural  wetlands,  and  they  may  experience  a  lesser  shift  toward  pollution-tolerant  species. 
However,  increased  nutrient  inputs  can  lead  to  greater  productivity  in  wastewater  treatment 
wetlands  than  is  found  in  comparable  natural  wetlands. 

Wildlife  and  avian  use  of  constructed  wetlands  are  directly  related  to  the  size  of 
the  facility.  Large  systems  attract  a  greater  diversity  of  birds.  These  treatment  systems 
may  provide  major  bird-watching  areas  for  the  people  they  serve.  Large  waste  treatment 
wetlands  also  harbor  significant  numbers  of  amphibians,  reptiles,  and  wetland-utilizing 
mammals.  Small  wetlands  that  serve  only  a  single  family  farm  will  be  utilized  less  by 
wildlife  but  can  still  provide  usable  habitat. 

KEYWORDS:  Created  wetlands,  restored  wetlands. 
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INTRODUCTION 

Many  types  of  wetlands  exist,  but  all  wetlands  share  one  common 
characteristic  —  they  flood  with  sufficient  regularity  that  emergent  vegetation 
must  survive  an  anaerobic  root  environment  for  a  substantial  portion  of  the  year 
(Gosselink  and  Turner,  1978).  Beyond  that,  agreement  on  a  single  definition  for 
the  term  "wetland"  has  been  difficult  to  reach.  Wetland  ecological  functions 
include  the  provision  of  aquatic  and  semiaquatic  wildlife  habitat,  sediment  and 
toxicant  retention,  nutrient  metabolism,  groundwater  recharge  or  discharge,  flood 
attenuation,  and  production  export.  Different  natural  wetlands  provide  different 
combinations  of  these  functions.  The  degree  to  which  they  are  provided  also 
varies  among  wetlands  (Kent,  1994a). 

Generally,  wetlands  are  identified  using  three  criteria  (Mitsch  and  Gosselink, 
1993): 

1 .  The  presence  of  water  at  the  surface  or  in  the  root  zone  for  a  portion  of 
the  growing  season; 

2.  The  presence  of  plants  adapted  to  wet  conditions  (hydrophytic 
vegetation);  and 

3.  The  presence  of  hydric  soils  that  differ  from  those  of  the  surrounding 
uplands. 

Wetlands  may  be  viewed  as  transitional  between  upland  and  aquatic  habitats, 
providing  the  terrestrial  limit  for  aquatic  organisms  and  the  aquatic  limit  for 
terrestrial  organisms  (Mitsch  and  Gosselink,  1993).  However,  wetlands  are 
distinct  ecosystems  with  unique  characteristics.  The  specific  hydrologic  regime 
in  a  natural  wetland  is  the  major  determinant  of  biotic  development  (Glaser,  et 
aL,  1978;  Gosselink  and  Turner,  1978;  van  der'Valk,  1981;  Wetzel,  1993). 
Material  and  energy  flow  are  greatly  influenced  by  the  timing  and  length  of 
periods  of  drawdown  and  inundation.  Palustrine  and  ocean-shore  wetlands 
typically  display  vegetational  zonation  in  response  to  changes  in  water  depth 
within  a  wetland  (Penfound,  1956;  Mitsch  and  Gosselink,  1993). 

Kantrud,  et  al.  (1989)  describe  three  vegetation  zones  associated  with 
emergent  wetlands  in  the  Prairie  Pothole  Region  of  the  Dakotas.  These  zones  are 
applicable  to  Indiana's  emergent  wetlands  as  well: 

1.  The  wet  meadow  zone  is  generally  composed  of  grasses,  reeds,  sedges, 
forbs,  and  woody  plants;  it  lacks  submergent  vegetation; 

2.  The  shallow  marsh  zone  is  generally  composed  of  grasses,  sedges, 
non-persistent  forbs,  submerged  and  floating-leafed  plants,  mosses,  and 
liverworts;  and 

3.  The  deep  marsh  zone  is  typically  composed  of  cattails,  bulrushes,  and 
submerged  and  floating-leafed  plants. 

The  location  of  plants  in  each  zone  is  directly  associated  with  water  levels  within 
the  wetland.  The  wet  meadow  zone  typically  is  associated  with  shallow  water 
levels,  whereas  the  deep  marsh  zone  is  associated  with  deep  water  levels.  Water 
level  fluctuations  occur  naturally  as  a  response  to  climatic  conditions  and  are 
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influenced  by  the  topography  of  the  bottom  of  the  wetland  basin.  The  seeds  of 
many  wetland  plants  float  and  often  accumulate  near  shorelines.  Other  seeds 
collect  in  the  bottom  sediments  (seed  bank)  and  are  dependent  upon  proper 
environmental  conditions  for  germination. 

Periods  of  complete  drawdown  occur  and  affect  plant  zonation  patterns 
within  the  wetland.  For  example,  invasive  species  (e.g.,  grasses  and  forbs)  rapidly 
colonize  new  areas  that  were  previously  flooded.  Following  inundation,  the 
typical  vegetation  zones  will  again  become  established.  In  natural  wetlands,  these 
changes  are  dynamic  rather  than  stable  (McDonald,  1955;  van  der  Valk,  1981). 
Vegetation  establishment  may  be  regulated  by  the  timing  and  duration  of  soil 
exposure,  because  many  wetland  plants  require  exposure  to  the  air  for  seed 
germination  (van  der  Valk  and  Davis,  1978;  van  der  Valk,  1981). 

Gosselink  and  Turner  (1978)  define  the  hydrologic  regime  as  a  four- function 
aspect  of  a  wetland: 

1.  The  chemical  composition  of  the  water  entering  the  wetland  (a  function 
of  the  water  source); 

2.  The  velocity  at  which  the  water  moves  through  the  wetland; 

3.  The  frequency  and  duration  of  inundation;  and 

4.  The  rate  at  which  the  water  is  replaced  within  the  wetland. 

The  interplay  of  these  four  factors  will  greatly  influence  the  biology  of  a  wetland. 
In  turn,  the  wetland  biota  can  influence  wetland  hydrology  (Gosselink  and  Turner, 
1978;  Mitsch  and  Gosselink,  1993).  Biogeochemical  cycles  are  typical  of 
wetlands,  where  they  are  mediated  by  the  biological  components  of  the  wetland 
in  conjunction  with  wetland  physico-chemical  factors.  Primary  producers, 
consumers,  microbes,  and  detrital  components  contribute  greatly  to  these 
processes.  The  activities  of  animals  and  the  accumulation  of  organic  matter  can 
change  the  wetland' s  hydrologic  regime  (Mitsch  and  Gosselink,  1993). 

Although  animals  utilize  wetlands  for  a  variety  of  habitat  needs,  most  uses 
are  related  to  the  presence,  duration,  and  amount  of  water  in  a  given  wetland.  Not 
all  wetland  plants  are  dependent  upon  the  presence  of  water.  Submerged  and 
floating  plants  need  water  for  normal  growth,  because  they  lack  support  when  out 
of  the  water.  Emergent  wetland  plants  are  not  limited  in  this  way.  However,  all 
wetland  plants  that  grow  in  wetland  soils  are  adapted  to  handle  the  stresses 
associated  with  a  strongly  reducing  root  environment  (Gosselink  and  Turner. 
1978;  Tammi,  1994)  created  by  the  presence  of  water.  The  physiological  and 
morphological  adaptations  that  allow  aquatic  plants  to  withstand  a  strongly 
reducing  root  environment  should  provide  the  same  adaptive  advantage  in  a 
similar  environment  that  lacked  water.  Typically,  animals  are  adapted  to  the 
physical  properties  of  water,  while  plants  are  adapted  to  the  chemical  effects  of 
the  presence  of  water. 

Indiana  contains  a  variety  of  wetland  types.  Peat  bogs  are  found  in  northern 
Indiana.  Emergent  palustrine  marshes  are  scattered  throughout  the  State,  either 
standing  alone  or  as  a  shoreline  component  of  lakes.  Riparian  forested  wetlands 
may  be  found  along  portions  of  many  of  Indiana's  rivers.  Each  of  these  wetlands 
is  biologically  unique. 
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Wetlands  shape  both  environmental  functions  and  cultural  values  (Kentula, 
et  al,  1992;  Mitsch  and  Gosselink,  1993;  Reimold,  1994).  Historically,  the 
wetlands  of  the  United  States  have  been  viewed  as  waste  places  with  minimal  or 
negative  cultural  value,  and  they  have  been  actively  converted  to  other  uses 
(Mitsch  and  Gosselink,  1993;  Reimold,  1994).  In  the  conterminous  United  States, 
more  than  half  of  the  wetlands  existing  prior  to  European  settlement  have  been 
lost  (Mitsch  and  Gosselink,  1993),  and  many  of  the  remaining  natural  wetlands 
have  been  degraded  as  a  result  of  human  activity  (Kent,  1994b).  In  Indiana,  as  in 
most  of  the  upper  Midwest,  the  loss  of  wetlands  has  exceeded  the  national 
average.  Current  estimates  indicate  that  87%  of  the  wetlands  present  in  Indiana 
prior  to  European  settlement  have  been  drained  and  converted  to  other  uses 
(Mitsch  and  Gosselink,  1993).  Nationally,  wetland  losses  continue  and  are 
estimated  to  occur  at  the  rate  of  0.5  million  acres  per  year  (Kent,  1994b). 

Recently,  attention  has  turned  either  to  re-establishing  wetlands  in  areas  that 
were  previously  drained  and  converted  to  other  uses  or  to  creating  new  wetlands 
in  areas  where  they  did  not  exist  previously.  Hammer  (1994)  offered  a  set  of 
definitions  that  may  aid  in  the  proper  description  of  these  different  types  of 
wetlands: 

1.  Natural  wetlands.  These  areas  support,  at  least  periodically,  a  vegetation 
composed  primarily  of  hydrophytes.  The  substrate  may  be  either 
undrained  hydric  soil  or  a  non-soil,  which  is  saturated  with  water  or 
covered  by  shallow  water  each  year  at  some  time  during  the  growing 
season.  Natural  wetlands  have  and  continue  to  support  a  typical  wetland 
flora  and  fauna. 

2.  Restored  wetlands.  These  areas  (which  previously  supported  a  natural 
wetlands  ecosystem)  were  modified  or  changed  to  eliminate  the  typical 
flora  and  fauna  and  then  used  for  other  purposes.  Subsequently,  these  areas 
were  altered  once  more  to  restore  the  poorly  drained  soils  and  the  wetlands 
flora  and  fauna. 

3.  Created  wetlands.  These  wetlands  formerly  had  well-drained  soils  and 
supported  a  terrestrial  flora  and  fauna.  The  land  was  deliberately  modified 
to  establish  the  requisite  hydrological  conditions  to  produce  poorly 
drained  soils,  which  support  a  wetlands  flora  and  fauna.  Constructed 
wetlands  are  a  subcategory  of  created  wetlands.  These  areas  also  consist 
of  former  terrestrial  environments  that  have  been  modified  to  create 
poorly  drained  soils,  which  support  a  wetlands  flora  and  fauna.  The 
primary  purpose  of  their  creation  is  contaminant  or  pollutant  removal  from 
wastewater.  Constructed  wetlands  are  designed  to  transform  many  pollutants 
into  their  gaseous  forms  for  release  to  the  long-term  biogeochemical 
reservoir  in  the  atmosphere  and  to  trap  others  (e.g.,  metals)  in  the  substrate. 
Although  constructed  wetlands  are  designed  and  operated  as  wastewater 
treatment  systems,  many  sites  do  support  other  uses. 

In  many  instances,  the  biology  of  restored  or  created  wetlands  can  be  similar  to 
the  biology  of  natural  wetlands.  In  this  paper,  these  similarities  will  be  explored 
and  the  deviations  from  the  biology  of  natural  wetlands  that  occur  in  restored  and 
created  wetlands  will  be  discussed. 
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BIOLOGY  OF  RESTORED  WETLANDS  IN  INDIANA 

Historically,  most  of  the  wetlands  in  Indiana  have  been  converted  to  cropland 
due  to  intense  agricultural  practices  within  the  State.  Although  wetland  loss  since 
the  late  1700s  has  been  substantial,  current  estimates  from  agencies  involved  in 
wetland  restoration  are  that  approximately  200,000  wetland  acres  have  been 
restored  in  Indiana  since  1988  (T.  Burnside,  S.  Fetters,  and  J.  Ruwaldt,  pers.  comm.). 
This  total  may  include  some  acreage  that  would  more  appropriately  be  considered 
created  wetlands  rather  than  restored  wetlands.  Wetland  restoration  and  creation 
need  not  develop  new  wetlands  in  the  same  proportions  in  which  they  were  lost 
(Barbour  and  Miles,  1988;  Kentula,  et  ai,  1992).  In  Indiana,  wetlands  have  been 
restored  following  mining  operations  (Mulyani,  1992),  road  construction 
(Barbour  and  Miles,  1988),  and  the  abandonment  of  farms  (Hartman,  1994). 

The  process  of  converting  a  wetland  into  an  area  that  can  be  farmed  involves 
the  placement  of  underground  field  tiles  to  drain  the  basin  and  denuding  the  area 
of  its  wetland  vegetation.  Restoration  reverses  this  process  through  the  following 
steps: 

1.  Locate  the  field  tiles  draining  the  wetland; 

2.  Remove  a  section  of  the  original  tile  and  replace  it  with  a  solid  section  of 
pipe,  plugging  the  tile;  and 

3.  Install  a  standpipe  at  the  junction  of  the  plug  and  the  open  drain  tile  to 
establish  basin  water  depth. 

Following  restoration  of  the  hydrologic  regime,  plants  and  animals  are  allowed 
to  naturally  recolonize  the  area.  Newly  created  wetlands  are  not  fully  functional 
wetlands  (Kentula,  et  ai,  1992;  Ferlow,  1993).  However,  given  enough  time,  the 
process  can  return  an  area  that  was  a  wetland  to  its  predeveloped  condition. 

Some  animals  utilize  wetland  habitats  only  for  feeding  or  resting,  while  others 
are  dependent  upon  wetlands  to  complete  their  life  cycles.  Amphibians  serve  as 
excellent  examples  of  the  latter  group.  In  Indiana,  four  amphibian  species  are 
listed  as  threatened  or  endangered,  and  five  are  listed  as  being  of  special  concern 
(Table  1).  Of  these  nine  species,  the  hellbender  (Cryptobranchus  alleganiensis 
alleganiensis)  is  under  review  for  Federal  listing  under  the  Endangered  Species 
Act  (Indiana  Department  of  Natural  Resources,  1990).  Many  frogs  utilize 
wetlands  for  courtship  activities,  and  they  lay  their  eggs  in  water.  Many  other 
amphibian  species  also  utilize  wetlands.  The  smallmouth  salamander 
(Ambystoma  texanum)  and  the  eastern  tiger  salamander  (Ambystoma  tigrinum 
tigrinum)  are  common  species  in  Indiana  that  utilize  the  periphery  of  swamps  for 
breeding  activities  and  that  lay  eggs  in  or  at  the  water  surface  (Connant  and 
Collins,  1991).  Like  all  salamanders,  the  larvae  of  these  two  species  are  aquatic. 
The  biology  of  these  species  is  highly  dependent  upon  wetland  habitats,  and 
restored  wetlands  offer  additional  habitat  for  animals  requiring  water  to  complete 
their  life  cycles. 

Mammals  utilize  wetland  habitats  for  cover  and  feeding.  Fritzell  ( 1989)  found 
17  mammalian  species  associated  with  wetland  habitats  in  the  Prairie  Pothole 
Region  of  Iowa.  Similar  mammalian  usage  can  be  expected  on  restored  emergent 
marshes  in  Indiana.  Two  species  that  influence  wetland  ecosystems  in  the 
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Table  1 .  The  amphibian  species  listed  as  threatened,  endangered,  or  of  special 
concern  in  Indiana. 


Scientific  Name 


Common  Name 


Indiana  Status 


Cryptobranchus  alleganiensis 
alleganiensis 

Pseudotriton  ruber  ruber 

Hemidactylum  scutatum 

Rana  aerolata  circulosa 

Ambystoma  laterale 

Necturus  maculosus 

Rana  blairi 

Rana  pipiens 

Scaphiopus  holbrookii 
holbrookii 


Hellbender 

Northern  red  salamander 
Four-toed  salamander 
Northern  crawfish  frog 
Blue-spotted  salamander 
Mudpuppy 
Plains  leopard  frog 
Northern  leopard  frog 
Eastern  spadefoot 


Endangered 

Endangered 
Threatened 
Threatened 
Special  concern 
Special  concern 
Special  concern 
Special  concern 
Special  concern 


north-central  region  of  Indiana  and  thus  the  other  species  utilizing  these  habitats 
are  the  muskrat  (Ondotra  zibethica)  and  beaver  {Castor  canadensis).  At  high 
population  densities,  these  two  species  may  be  pests.  Beaver  may  adversely  affect 
the  hydrology  of  restored  wetlands.  Muskrats  can  create  open  water  areas  by 
removing  extensive  amounts  of  vegetation,  thus  eliminating  vegetative  cover  for 
other  species;  their  burrowing  activities  may  damage  dikes  in  restored  wetlands 
and  compromise  system  hydrology  (McDonald,  1955;  van  der  Valk  and  Davis, 
1978).  Generally,  mammalian  species  enhance  wetland  management  practices. 

Wetlands  with  a  mosaic  of  open  water  and  vegetation  at  a  ratio  of  1:1  are 
important  for  the  management  of  breeding  waterfowl  (Weller  and  Spatcher,  1965; 
Kaminski  and  Prince,  1981;  Ball  and  Nudds,  1989).  Muskrat  houses  are  used  as 
nesting  sites  by  Canada  geese  (Branta  canadensis),  and  their  homes  may  be  used 
as  brooding  and  resting  areas  by  other  waterfowl  species  (Payne,  1992). 

Aquatic  invertebrates  are  an  important  link  in  the  food  chain  in  wetland 
ecosystems  (Murkin  and  Wrubleski,  1988).  These  invertebrates  serve  as 
shredders,  facilitating  detrital  decomposition,  and  are  an  important  food  source 
for  many  organisms,  including  waterfowl  and  numerous  other  marsh  birds  (Riley 
and  Bookout,  1990).  The  make-up  of  aquatic  invertebrate  communities  is  closely 
related  to  wetland  hydrology  and  water  quality.  Some  taxa  are  more  tolerant  than 
others  of  adverse  water  quality.  Aquatic  invertebrates  in  seasonally  flooded 
wetlands  must  be  adapted  to  handle  the  extreme  changes  in  habitat  conditions. 
Special  adaptations  include  the  ability  to  complete  their  life  cycle  before  the  basin 
dries  out,  eggs  that  can  survive  desiccation,  and  the  ability  to  disperse  readily  to 
new  sites  (Kantrud,  et  aL,  1989),  either  by  flying  or  by  clinging  to  the  bodies  of 
other  animals  (Borror,  et  aL,  1989).  Recent  studies  in  restored  Iowa  wetlands 
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show  that  diverse  aquatic  invertebrate  communities  are  present  in  the  wetlands 
within  one  to  two  years  after  restoration  (Delphey,  1991;  VanRees-Siewert, 
1993).  However,  in  comparison  to  natural  wetlands,  these  newly  restored 
wetlands  contain  smaller  proportions  of  non-insect  taxa  (Delphey,  1991),  which 
is  not  surprising  given  the  more  limited  dispersal  ability  of  these  taxa.  Distance 
between  wetlands  influences  the  successful  dispersal  of  many  aquatic 
invertebrate  taxa. 

In  addition  to  the  presence  or  availability  of  water,  other  factors  such  as 
inter-wetland  distance  and  wetland  size  have  important  implications  for  the 
management  and  survival  of  some  species.  The  intensive  agricultural  practices 
found  throughout  the  Midwest  and  the  concurrent  destruction  of  wetlands, 
especially  in  Indiana,  has  increased  the  isolation  of  wetland  habitats.  Some 
species  are  more  vulnerable  to  habitat  isolation  than  others.  The  probability  of 
successful  dispersal  to  neighboring  habitats  decreases  as  inter-patch  distance 
increases  (Wolfenbarger,  1949),  especially  for  those  animals  that  are  highly 
adapted  to  aquatic  environments  (Gibbs,  1993)  and  that  cannot  survive  long-term 
exposure  to  terrestrial  habitats.  Studies  of  wetland-associated  species  have  shown 
that  newts  can  migrate  a  maximum  of  1  km  (Gill,  1978)  and  that  salamanders  can 
migrate  a  maximum  of  400  m  (Gordon,  1968).  Frogs  can  migrate  distances  of 
between  237  m  (Jameson,  1956)  and  2.5  km  (Berven  and  Grudzien,  1990).  Small 
mammals  (Class  Insectivora)  have  migrated  distances  of  approximately  1  km 
(French,  etaL,  1975). 

Inter-island  distance  has  been  shown  to  affect  the  richness  and  diversity  of 
avian  communities  on  oceanic  islands  (Mac Arthur  and  Wilson,  1963).  Classical 
island  biogeography  theory  has  been  extended  to  cover  a  variety  of  isolated 
habitats  (Ricklefs,  1993),  including  wetlands.  However,  distance  between 
wetlands  (islands)  in  a  fragmented  agricultural  landscape  (ocean)  does  not 
significantly  influence  bird  species  richness  or  diversity  at  restored  wetlands  in 
Indiana  (Hartman,  1994).  Inter- wetland  distance  typically  is  orders  of  magnitude 
smaller  in  Indiana  than  the  distance  between  oceanic  islands.  Birds  are  capable 
of  traversing  the  intervening  terrain  between  wetlands  in  Indiana  without 
difficulty.  However,  some  waterfowl  species  (e.g.,  blue-winged  teal  (Anas 
discors))  exhibit  small  home  ranges  during  the  breeding  season.  Numerous 
individuals  may  be  found  in  wetlands  located  close  together  at  this  time  (Gibbs, 
1993).  A  complex  or  group  of  wetlands  may  be  important  in  attracting  and 
supplying  the  needs  of  similar  waterfowl  species  (Fredrickson  and  Reid,  1988; 
Swanson,  1988;  Krapu  and  Duebbert,  1989). 

Size  is  also  an  important  design  consideration  for  wetland  restoration.  Area 
is  an  influential  factor  on  bird  species  richness  (Mac Arthur  and  Wilson,  1963; 
Weller  and  Fredrickson,  1 973 ;  Brown  and  Dinsmore,  1 99 1 ),  especially  in  wetland 
habitats  (Tyser,  1983;  Delphey  and  Dinsmore,  1993,  Hartman,  1994).  As  size 
increases,  the  amount  of  potentially  usable  habitat  increases.  Larger  wetlands  are 
more  likely  to  contain  diverse  habitat  types,  ranging  from  deep  open  water 
through  shallow  marshes  and  perhaps  including  riparian  forests.  Increased  habitat 
diversity  may  contribute  to  greater  avian  utilization  of  larger  wetlands,  both 
restored  and  natural.  Some  avian  species  are  associated  only  with  large  wetlands 
and  may  be  considered  to  be  area-dependent  (e.g.,  in  Indiana,  such  species  include 
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the  swamp  sparrow  (Melospiza  georgiana),  mallard  (Anas  platyrhynchos), 
pied-billed  grebe  (Podilymbus  podiceps),  and  Canada  goose  (Branta  canadensis) 
(Brown  and  Dinsmore,  1986)).  The  greater  diversity  found  at  large  wetlands  does 
not  imply  that  small  wetlands,  especially  those  that  are  highly  isolated,  are 
unimportant.  Small  wetlands,  including  those  within  a  larger  wetland  complex, 
may  be  especially  important  for  the  persistence  of  populations  with  limited 
growth  rates  and  low  population  densities  (Gibbs,  1993). 

The  distribution  of  plants  in  newly  restored  wetlands,  if  they  are  not 
artificially  planted,  is  dependent  upon  both  the  abiotic  and  biotic  factors.  Seed 
banks  generally  provide  a  source  of  plant  stock,  and  typically  are  dominated  by 
annuals  and  flood-intolerant  species  (Mitsch  and  Gosselink,  1993).  Seed  banks 
in  restored  Iowa  wetlands  have  shown  resilience  to  long  periods  of  drainage  and 
intensive  farming  practices  (LaGrange  and  Dinsmore,  1989).  Plants  are  dispersed 
passively  by  wind  and  actively  by  animals.  Propagules  may  either  attach  to 
animals  externally  or  remain  viable  after  passing  through  their  digestive  systems 
(van  der  Pijl,  1972).  Inter- wetland  distance  influences  the  probability  of  successful 
dispersal  for  aquatic  plant  taxa. 

BIOLOGY  OF  CREATED  WETLANDS  IN  INDIANA 

Wetlands  may  be  created  for  a  variety  of  reasons:  1)  flood  control  and 
storm  water  retention;  2)  replacement  (mitigation)  of  wetlands  lost  to  development; 
3)  treatment  of  wastewater  from  domestic,  municipal,  industrial,  mining,  or 
agricultural  sources;  and  4)  as  part  of  land  reclamation  following  extensive 
disturbance  (Bastian  and  Hammer,  1993;  Mitsch  and  Gosselink,  1993;  Hammer, 
1994).  Wetlands  created  for  mitigation  or  land  reclamation  are  designed  to 
replace,  in  some  way,  natural  wetlands  that  have  been  lost  due  to  human  activities. 
These  created  wetlands  should  function  similarly  to  natural  wetlands.  However, 
wetlands  created  for  stormwater  control  or  wastewater  treatment  are  neither 
designed  nor  intended  to  replace  natural  wetlands.  These  constructed  wetlands 
may  display  some  wetland  functions,  but  usually  they  will  not  be  full 
replacements  for  natural  wetlands.  Large  constructed  wetlands  receiving 
relatively  clean  water  may  approximate  natural  wetlands,  but  their  purpose  is  to 
provide  a  specific  service,  either  flood  abatement  or  water  treatment.  Therefore, 
these  systems  are  not  substitutes  for  existing  wetlands. 

Wetlands  created  for  mitigation  are  intended  to  replace  the  wetland  functions 
lost  through  the  development  of  natural  wetlands  for  human  use  (Mitsch  and 
Gosselink,  1993).  Typically,  acceptable  mitigation  requires  the  creation  of  more 
acres  of  wetland  than  will  be  lost  through  the  development  project.  Ideally,  at 
least  as  many  acres  of  the  type  of  wetland  lost  will  be  created  to  replace  the 
ecological  functions  lost.  Mitigation  wetlands  and  wetlands  created  during  land 
reclamation  typically  function  as  natural  wetlands  with  the  hydrologic  regime 
dominating  development.  The  biology  of  these  wetlands  will  be  similar  to  natural 
wetlands  following  an  initial  establishment  period,  if  they  are  properly  designed 
and  installed  (Mitsch  and  Gosselink,  1993).  Hydrologic  inputs  are  from  rainfall, 
surface  flow,  and  groundwater,  the  same  sources  as  in  natural  wetlands.  These 
wetlands  are  not  developed  to  provide  waste  treatment  or  flood  control,  and  they 
are  not  impacted  by  water  quality  any  differently  than  natural  wetlands.  In 
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practice,  difficulties  have  been  encountered  in  establishing  and  maintaining 
proper  hydrology  in  mitigation  projects  (Mitsch  and  Gosselink,  1993).  Improper 
hydrology  can  result  in  the  failure  of  the  wetland  creation  project  (D'Avanzo, 
1989). 

Wetlands  used  for  stormwater  retention  (called  biofilters)  usually  develop  as 
natural  wetlands  (Ferlow,  1993).  Dense  vegetation  coupled  with  basin  area 
decrease  the  rate  of  stormwater  flow  allowing  the  suspended  particulates  to  settle. 
Pollutants  adhering  to  suspended  particles  are  removed  by  physical  action  and 
sequestered  in  bottom  sediments  just  as  in  a  natural  wetland  that  receives  input 
from  runoff.  Wetlands  created  for  stormwater  retention  can  provide  functional 
wildlife  habitat  and  improve  downstream  water  quality  while  reducing  flood 
peaks  (Ferlow,  1993;  Davis,  1995b).  However,  the  potential  for  pollutant 
accumulation  and  contamination  must  be  addressed  (Davis,  1995b).  Created 
wetlands  fed  with  runoff  from  developed  areas  may  be  influenced  by  the  presence 
of  petrochemicals  and  other  anthropogenic  pollutants.  Stormwater  retention 
wetlands  around  an  agricultural  watershed  may  be  influenced  by  large 
additions  of  fertilizers  and  pesticides.  Plants  and  animals  sensitive  to  these 
types  of  pollution  may  be  adversely  affected  in  the  created  wetlands  so 
impacted.  The  degree  of  impact  will  vary  among  taxa  and  will  be  a  function 
of  accumulation  rates,  degradation  rates,  and  the  specific  location  of  potential 
toxicants  within  the  wetland. 

Constructed  wetlands  used  for  wastewater  treatment  operate  on  the  same 
principles  as  conventional  wastewater  treatment  plants;  only  the  scale  of 
operation  is  changed  (Hammer,  1994).  In  either  case,  an  optimal  environment  is 
maintained  for  microbial  populations  to  transform  water  pollutants  into  nontoxic 
byproducts  through  their  metabolism.  Constructed  wetland  systems  support  more 
diverse  microbial  assemblages  than  conventional  wastewater  treatment  plants, 
but  the  metabolic  processes  involved  are  still  basically  the  same  (Hammer,  1994). 
Two  types  of  constructed  wetlands  are  in  widespread  use  for  wastewater 
treatment:  subsurface  flow  wetlands  and  free  water  surface  wetlands  (Brix,  1993; 
Hammer,  1994).  Variations  on  these  two  designs  are  typically  used  regardless  of 
the  type  of  wastewater  being  treated.  Both  types  of  systems  are  found  in  Indiana. 

Subsurface  flow  systems  have  no  exposed  water  surface.  Water  moves 
through  an  underground  matrix  of  crushed  rock.  Wetland  plants  are  scattered 
across  the  surface  of  the  system  and  grow  hydroponically,  their  roots  extending 
downward  into  the  crushed  rock  matrix  to  reach  water.  The  plants  transport 
oxygen  to  the  root  zone  and  create  aerobic  microenvironments  that  facilitate 
nitrogen  cycling.  Subsurface  flow  systems  function  as  trickling  filter  wastewater 
treatment  plants  and  have  little  visual  resemblance  to  natural  wetlands  (Hammer, 
1990).  Frequently,  subsurface  flow  systems  appear  as  a  crushed  rock  garden  with 
occasional  wetland  plants.  Microorganisms  grow  on  the  surfaces  of  the  rock  and 
utilize  contaminants  in  the  wastewater  as  food.  Their  metabolic  transformations 
clean  the  water  as  it  passes  through  the  system.  In  Indiana,  subsurface  flow 
wetlands  are  currently  used  for  the  treatment  of  domestic  waste,  either  for  single 
family  residences  or  small  groups  of  residences.  In  fact,  wetlands  used  for  on-site 
residential  waste  treatment  should  always  be  subsurface  flow  systems  (Steiner, 
et  ai,  1993).  With  standing  water,  olfactory  and  public  health  problems  are 
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always  possible.  When  working  properly,  the  subsurface  flow  design  eliminates 
the  potential  for  these  problems.  From  a  biological  perspective,  subsurface  flow 
wetlands  provide  only  those  wetland  functions  associated  with  water  quality  and 
nutrient  cycling. 

Created  wetlands  that  are  constructed  for  uses  other  than  domestic  wastewater 
treatment  or  final  polishing  of  treated  wastewaters  with  low  nutrient  loads  are 
always  free  water  surface  systems  rather  than  subsurface  flow  systems  (Hammer, 
1994).  Free  water  surface  wetlands  remain  functional  at  higher  suspended  solids 
loadings  than  subsurface  flow  systems.  It  is  impractical  to  provide  sufficient 
pretreatment  to  lower  the  effluent-suspended  solids  concentrations  to  a  level  that 
would  allow  the  operation  of  subsurface  flow  wetlands  loaded  with  agricultural 
wastes  (Hammer,  1994).  The  pore  spaces  within  the  crushed  rock  matrix  would 
quickly  clog,  leading  to  system  failure. 

Free  water  surface  wetlands  are  designed  to  resemble  natural  emergent 
marshes,  both  in  appearance  and  function.  Water  moves  above  the  ground 
between  the  stems  of  the  emergent  vegetation.  The  plant  surfaces  provide  a 
colonizable  substrate  for  microbial  attachment  and  growth.  Free  water  surface 
wetlands  act  as  fixed-film  bioreactors  with  the  microbial  films  that  cover  the 
immersed  vegetation  providing  the  mechanism  of  most  wastewater  treatment 
(Hammer,  1990).  Wetland  plants  sequester  nutrients  in  their  underground 
tissue,  effectively  eliminating  a  portion  of  the  soluble  nutrients  moving 
through  the  system  (Wetzel,  1993).  In  Indiana,  free  water  surface  systems  are 
found  as  components  in  animal  waste  management  systems  and  stormwater 
detention  basins. 

Wetlands  built  for  wastewater  treatment  differ  from  other  created  wetlands. 
In  large  systems,  such  as  those  used  to  treat  municipal  wastes,  the  constant  water 
inflow  is  different  from  the  hydrologic  regime  found  in  natural  wetlands.  Periods 
of  inundation  and  drawdown  do  not  alternate.  However,  a  substantial  shift  from 
the  characteristics  of  natural  wetlands  may  not  occur,  if  the  vegetation  planted  in 
the  wetland  is  capable  of  tolerating  perpetual  inundation.  Plants  that  require  cyclic 
drawdown  and  exposure  to  complete  their  life  cycles  will  fare  poorly  in  such 
systems  unless  the  management  strategy  is  designed  specifically  to  accommodate 
these  species.  Treatment  wetlands  with  multiple,  parallel  cells  can  be  manipulated 
to  have  one  cell  dry  while  the  remainder  of  the  system  continues  to  operate.  This 
usage  pattern  facilitates  routine  maintenance  and  can  simulate  drawdown  cycles. 
Small  wastewater  treatment  wetlands  may  have  only  periodic  inputs  of  water,  and 
the  associated  hydrologic  regime  may  closely  resemble  that  found  in  natural 
wetlands.  Wetland  plants  not  specifically  planted  in  the  created  wetland  might 
eventually  colonize  the  system,  and  the  vegetation  will  then  tend  to  mirror  that 
of  natural  wetlands.  Volunteer  plants  should  not  be  discouraged,  unless  they  pose 
weed  problems. 

The  chemical  make-up  of  influent  wastewater  influences  wetland  biology. 
Constructed  wetlands  receiving  wastewater  from  a  municipal  treatment  system 
may  function  as  natural  wetlands.  Normally,  the  load  of  solids,  nutrients,  and 
organics  flowing  into  these  wetlands  will  be  small,  if  the  wastewater  has 
undergone  both  primary  and  secondary  treatment  at  the  municipal  treatment  plant. 
In  certain  instances,  these  systems  may  be  more  productive  than  similar  natural 
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wetlands  in  the  region.  Following  secondary  treatment,  the  nutrient  levels  in  the 
wastewater  can  remain  higher  than  in  natural  runoff.  The  increased  nutrient  load 
in  created  wetlands  can  result  in  increased  primary  productivity  for  the  man-made 
systems  relative  to  nearby  natural  systems.  The  increased  productivity  results 
from  a  higher  number  of  trophic  levels  and  an  increase  in  productivity  at  many 
of  these  levels.  At  Areata,  California,  a  large  constructed  wetland  used  for  tertiary 
polishing  of  municipal  wastewater  receives  greater  use  by  birds  and  other  wildlife 
than  nearby  natural  wetlands  (Gearhart  and  Higley,  1993).  This  system  has 
become  a  focal  point  for  local  wildlife  viewing,  including  organized 
bird-watching  trips  by  local  Audubon  Society  Chapters. 

Industrial  wastewater  impacts  wetland  biology  more  strongly  than  municipal 
wastewater.  Industrial  effluents  are  often  heated.  However,  water  temperatures 
are  not  high  enough  to  inhibit  microbial  growth  following  secondary  treatment. 
The  elevated  temperature  do  result  in  higher  microbial  growth  rates  and 
prolonged  growing  seasons.  Cold  tolerant  wetland  plants  can  grow  year  round 
without  senescence,  if  the  root  zone  is  maintained  at  a  sufficiently  high 
temperature  even  though  air  temperatures  may  drop  below  -10°  C  (pers.  obs.). 
Microbial  activity  continues  throughout  the  year,  resulting  in  a  higher  level  of 
winter  treatment  than  in  similar  municipal  wetlands. 

Typically,  the  chemical  make-up  of  industrial  wastewater  will  not  have  a 
strong  influence  on  wetland  biology.  Industrial  wastes  will  have  undergone 
secondary  treatment  prior  to  entry  into  the  created  wetlands.  In  industries  such 
as  those  involved  in  pulp  production,  the  treated  wastewater  remains  dark  due 
to  the  presence  of  tannins  and  other  secondary  plant  compounds.  These 
compounds  affect  light  penetration  and  inhibit  algal  production  and  the  growth 
of  submerged  plants.  This  condition  is  not  without  parallels  in  nature.  Southern 
blackwater  swamps  and  northern  tamarack  swamps  have  similarly  colored 
water  as  a  result  of  the  presence  of  compounds  leached  from  the  trees  growing 
in  the  slow  moving  water. 

Certain  industrial  wastes  contain  trace  levels  of  compounds  that  can  influence 
the  composition  of  the  lower  trophic  levels  in  a  wetland.  Halogenated  compounds, 
complex  organic  compounds,  metals,  and  solvents  may  be  either  acutely  or 
chronically  detrimental  to  organisms  at  any  trophic  level  (Metcalf  and  Eddy,  Inc., 
1991).  Also,  the  lower  level  of  dissolved  oxygen  in  industrial  wastewater  may 
limit  populations  of  aerobic  organisms  in  constructed  wetlands.  In  most  instances. 
these  impacts  will  be  slight  enough  to  cause  little  deviation  from  the  biology  of 
natural  wetlands. 

Constructed  wetlands  used  for  treating  the  runoff  from  mining  operations  will 
differ  most  strongly  from  natural  wetlands.  These  wetlands  are  continuously 
loaded  with  water  having  a  low  pH  and  containing  high  concentrations  of  heaw 
metals.  However,  wetland  vegetation  can  be  maintained  under  these  conditions. 
and  effective  treatment  can  be  obtained  for  many  years  (Brodie,  et  aL,  1993; 
Davis,  1995a).  At  present,  no  wetlands  are  being  used  to  treat  acid  mine  drainage 
in  Indiana. 

The  Environmental  Protection  Agency  has  compiled  a  database  on  the 
constructed  wetlands  being  used  for  municipal  and  industrial  wastewater 
treatment  in  North  America  (U.S.  Environmental  Protection  Agency,  W4\  All 
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of  these  projects  have  wastewater  treatment  as  their  primary  goal,  and  virtually 
all  of  them  list  research  as  a  secondary  goal.  However,  the  database  shows  that 
23  of  the  listed  projects  have  uses  other  than  research.  These  uses  include  wildlife 
habitat  (waterfowl  and  mammals),  hunting,  fishing,  recreation,  bird-watching, 
and  nature  study.  The  Des  Plains  River  Wetland  System  in  northeastern  Illinois 
provides  wildlife  habitat  as  well  as  biking,  jogging,  and  horseback  trails  for  use 
by  the  general  public  while  at  the  same  time  cleaning  the  wastewater  passing 
through  it  (U.S.  Environmental  Protection  Agency,  1993).  Human  functional 
utility  (wastewater  treatment)  need  not  preclude  the  development  of  natural 
wetland  functions  as  well  as  aesthetic  benefits. 

Constructed  wetlands  used  for  the  treatment  of  agricultural  wastewater  are 
less  likely  to  be  similar  to  natural  wetlands  than  the  constructed  wetlands  used  to 
treat  industrial  wastewater.  These  systems  are  not  designed  to  treat  water  to 
discharge  standards,  but  rather  to  reduce  nutrient  loads  and  decrease  the  amount 
of  land  needed  for  the  on-farm  disposal  of  animal  wastes.  Farm  wastewater  will 
not  have  undergone  secondary  treatment  prior  to  entry  into  the  wetland.  Primary 
settling  of  solids  will  be  accomplished  in  lagoons  or  other  manure  management 
systems,  but  the  concentration  of  nutrients,  ions,  and  organics  will  be  extremely 
high  relative  to  their  concentrations  in  the  water  typically  entering  natural 
wetlands.  Agricultural  wastewater  from  livestock  and  dairy  operations  will  tend 
to  have  very  high  concentrations  of  ammonia-nitrogen  and  high  conductivity 
levels.  These  factors  greatly  stress  the  invertebrates  and  plants.  Many  native 
Indiana  wetland  plants  will  not  tolerate  these  stresses,  particularly  if  the 
operational  depth  of  the  wetland  is  greater  than  15  cm  (Reaves,  et  al,  1995b). 
Increased  operational  depth  places  additional  oxidation-reduction  stress  on  roots 
that  can  exacerbate  the  impacts  from  other  stresses.  Growth  will  be  impaired  in 
some  species,  particularly  in  young  plants  during  spring  establishment. 
Therefore,  a  supply  of  freshwater  is  desirable  to  maintain  soil  saturation  until  the 
young  plants  are  well  established.  Cattails  (Typha  spp.)  and  softstem  bulrush 
(Scirpus  validus)  are  particularly  tolerant  of  the  contaminant  levels  found  in 
animal  waste  and  are  likely  to  be  the  dominant  plants  in  these  wetlands  (Reaves, 
etal,  1995b). 

Invertebrate  communities  using  agricultural  wetlands  will  typically  be 
composed  of  species  capable  of  tolerating  high  organic  levels,  particularly  in 
wetlands  used  for  the  treatment  of  livestock  wastewater.  High  organic  loads  and 
low  dissolved  oxygen  concentrations  prevent  the  establishment  of  many  clean 
water  species.  In  systems  that  are  not  properly  maintained  by  their  operators, 
breakdowns  occur.  If  high  levels  of  fecal  material  enter  the  wetland  system,  flies 
of  the  family  Syrphidae  may  become  major  components  of  the  invertebrate 
assemblage.  These  flies  utilize  water  polluted  with  high  levels  of  fecal  matter  for 
reproduction.  Larval  Syrphid  flies,  called  rattailed  maggots,  are  found  near  the 
surface  of  these  waters  and  are  readily  apparent  when  present  in  a  wetland.  The 
appearance  of  large  numbers  of  these  larvae  is  indicative  of  system  failure. 

In  Indiana,  free  water  surface  treatment  wetlands  will  typically  be  used  in 
livestock  operations  and  will  tend  to  be  less  than  an  acre  in  size.  Following 
treatment  in  the  wetland  system,  the  farm's  wastewater  will  still  contain  relatively 
high  levels  of  nutrients  and  ions.  Invertebrate  assemblages  in  these  systems  will 


Vol.  103  (1994)  Indiana  Academy  of  Science  191 


be  pollution  tolerant  species  rather  than  the  typical  clean-water  invertebrates 
found  in  natural  wetlands.  However,  even  though  small  and  degraded  when 
compared  to  natural  systems,  farm  wastewater  treatment  wetlands  offer 
some  benefits  to  traditional  wildlife.  An  operational  constructed  wetland 
on  a  dairy  farm  in  north-central  Indiana  supports  breeding  mallards  (Reaves, 
et  al.y  1995b)  and  attracts  deer.  Human  utility  is  combined  with  a  degree  of 
natural  wetland  function. 

The  implementation  of  a  management  strategy  will  have  a  great  influence  on 
the  biology  of  created  wetlands.  During  vegetation  establishment,  water  levels 
must  be  carefully  regulated  (Hammer,  1994).  Wetland  plants  have  a  lower 
tolerance  to  flooding  when  young,  and  careful  management  is  necessary  to  insure 
that  these  young  plants  are  not  drowned.  System  managers  should  determine  a 
hydrologic  regime  for  routine  operation,  because  the  establishment  and 
maintenance  of  water  depth  and  hydraulic  loading  will  have  the  greatest  influence 
on  wetland  biology.  Should  water  depth  be  too  great,  a  pond  rather  than  an 
emergent  marsh  will  be  created.  Plants  may  develop  as  floating  mats  rather  than 
root  in  the  wetland  bottom  (Reaves,  et  al,  1991).  Extended  drawdown  periods 
may  encourage  invasion  by  facultative  and  upland  plants,  resulting  in  reduced 
vegetative  cover  and  decreased  aesthetic  value  when  these  plants  die  following 
flooding  to  operational  depth.  Operational  strategies  can  include  planned 
drawdowns,  vegetation  harvesting,  or  fire  management  to  maintain  the  system  at 
the  desired  successional  stage. 

Wastewater  treatment  wetlands  must  be  kept  wet,  or  they  will  lose  the  microbial 
community  that  performs  the  bulk  of  the  wastewater  treatment.  Flooding  after  a 
substantial  dry  period  will  be  followed  by  a  substantial  lag  in  system  performance 
as  the  populations  of  microbes  recover.  The  result  is  short-term  system  failure  and 
poor  water  treatment  until  the  microbial  populations  recover. 

Agricultural  wastewater  treatment  wetlands  must  be  maintained  as  marshes, 
and  the  livestock  must  be  kept  away  from  them.  Farm  animals  can  denude  a 
wetland  of  its  vegetation  and  greatly  reduce  its  treatment  efficiency.  Soil  compaction 
from  trampling  can  result  in  long-term  damage  to  wetland' s  vegetation  and  to  a  loss 
of  berm  integrity  through  the  formation  of  erosion  channels.  Farmers  must  maintain 
a  solids  removal  system  as  a  pretreatment  for  wastewater  entering  these  systems. 

The  functional  life  of  most  wastewater  treatment  wetlands  is  determined  by 
the  length  of  time  it  will  take  the  wetland  basin  to  fill  with  sediment.  Elimination 
of  solids  from  the  wastewater  stream  prior  to  entry  into  a  constructed  wetland 
will  extend  the  operational  life  of  the  system.  Additionally,  large  masses  of  solids 
high  in  organic  content  may  move  through  wetland  systems  relatively  intact. 
Dissolved  oxygen  levels  around  the  mass  quickly  drop  to  near  zero,  and  both  the 
aerobic  decomposition  of  organic  matter  and  nitrification  are  greatly  reduced, 
leading  to  system  failure  (Reaves,  et  ai,  1995a)  if  not  promptly  corrected. 

CONCLUSIONS 

Wetlands  lost  through  time  are  gone  and  can  never  be  replaced.  For  example, 
many  major  airports  and  much  of  the  land  area  of  both  the  District  of  Columbia 
and  Chicago  once  were  wetlands  (Mitsch  and  Gosselink,  1993).  Society  will  not 
allow  these  areas  to  be  returned  to  their  natural  state.  Since  the  wetlands  that  have 
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been  lost  can  neither  be  regained  nor  replaced,  other  alternatives  must  be  explored 
to  develop  and  maintain  vital  wetland  resources.  Slowing  the  rate  of  natural 
wetland  loss  and  improving  degraded  natural  wetlands  are  worthwhile  endeavors, 
but  they  will  not  eliminate  the  losses.  Created  and  restored  wetlands  are  an  option 
for  regaining  some  of  the  ecological  functions  lost  with  the  elimination  of  such 
a  large  percentage  of  the  nation's  natural  wetlands. 

Created  wetlands  possess  unique  aspects  related  to  the  purpose  of  their 
creation.  Certain  functional  aspects  of  created  wetlands  may  exceed  those  found 
in  natural  wetlands,  particularly  for  flood  control,  recreation,  and  water  quality. 
However,  optimum  performance  in  one  functional  area  usually  leads  to  reduced 
performance  in  others.  Habitat  functions  typically  will  be  less  in  created  wetlands. 
Alterations  in  hydroperiod,  water  depth,  and  nutrient  and  contaminant  loadings 
to  these  wetlands  exert  influences  on  biotic  development.  The  differences 
between  created  and  natural  wetlands  become  greater  as  the  quality  of  the  water 
processed  by  the  created  wetlands  declines.  Therefore,  floral  and  faunal 
characteristics  may  differ  from  morphologically  similar  natural  wetlands  in  the 
region.  Though  different  from  natural  wetlands,  created  wetlands  may  offer 
ecosystem  services  similar  to  those  found  in  natural  wetlands  as  well  as  functional 
utility  for  humans. 

In  most  instances,  restored  wetlands  exhibit  biological  characteristics  similar 
to  natural  wetlands  of  comparable  size.  Within  10  years,  restored  wetlands 
functionally  resemble  comparably  sized  natural  wetlands  from  the  same  region. 
Unfortunately,  many  of  the  restored  wetlands  found  on  agricultural  land  may  be 
returned  to  agricultural  production  at  the  end  of  the  government  programs  that 
allowed  their  restoration.  Farmers  are  not  obligated  to  maintain  the  wetlands  past 
the  end  of  the  initial  period.  The  potential  for  reconversion  is  less  for  reclaimed 
mine  lands  and  highway  projects,  but  this  potential  still  exists.  For  restoration  of 
wetlands  to  be  a  viable,  long-term  approach  to  increasing  wetland  acreage,  some 
type  of  permanent  conservation  easement  must  be  developed  for  these  lands. 
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ABSTRACT:  Riparian  wetlands'  assessments  were  made  along  Big  Raccoon,  Big 
Walnut,  and  Deer  Creeks  (Putnam  County  and  vicinity)  in  1993-94  and  along  the  middle 
Wabash  River  from  Delphi  to  Merom,  Indiana,  in  1983  and  1994.  Among  the  three 
tributaries,  the  riparian  border  along  Big  Raccoon  Creek  afforded  the  least  protection 
(32%  of  the  sites  surveyed  were  less  that  3  m  wide).  The  riparian  border  of  Big  Raccoon 
Creek  also  had  the  greatest  incidence  of  severe  and  moderately  eroded  banks  (40%)  and 
the  most  open  canopy  (60%  of  the  sites  surveyed  were  less  than  50%  shaded).  The  riparian 
border  of  Big  Walnut  Creek  was  better  protected  (more  than  50%  of  its  riparian  border 
measured  more  than  9  m  in  width,  and  a  majority  of  the  sites  had  more  than  50%  shading). 
However,  approximately  30%  of  the  banks  along  Big  Walnut  Creek  were  exposed  to 
moderate  to  severe  erosion.  Deer  Creek  had  the  best  developed  riparian  border  (70%  of 
its  sites  had  good  riparian  protection  (>  9  m),  about  80%  of  its  sites  were  shaded,  and 
less  than  25%  of  its  banks  were  in  a  state  of  moderate  to  severe  erosion).  Five  hundred 
and  eighteen  kilometers  of  the  middle  Wabash  River  were  surveyed.  Bare  banks 
composed  28.82  km  (5.56%)  of  its  border,  and  27.21  km  (5.25%)  of  its  banks  had  only 
1-2  trees.  These  figures  are  both  lower  than  the  1983  estimates.  At  that  time,  37.92  km 
(7.32%)  of  the  river's  border  had  bare  banks,  and  35.0  km  (6.76%)  had  only  1-2  trees. 
By  1994,  young  willow  groves  had  colonized  some  previously  bare  banks.  The 
well-being  of  the  Wabash  River  ecosystem  is  highly  dependent  on  the  environmental 
health  of  its  tributaries.  The  riparian  wetlands  of  the  Wabash  River  and  three  of  its 
tributaries  are  currently  incapable  of  providing  adequate  protection  from  agricultural 
nonpoint  source  pollution. 
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INTRODUCTION 

National  estimates  suggest  between  50%  to  70%  of  the  assessed  surface 
waters  in  the  nation  are  adversely  affected  by  agricultural  nonpoint  source 
pollution.  The  primary  cause  is  soil  erosion  from  cropland  and  overgrazing  as 
well  as  pesticide,  herbicide,  and  fertilizer  application  (U.S.  Environmental 
Protection  Agency,  1986).  Approximately  40%  of  Indiana's  20,000  miles  of 
permanent  rivers  and  streams  are  estimated  to  be  damaged  due  to  major  impacts 
from  agriculture  (Indiana  Department  of  Environmental  Management,  1990). 
This  figure  is  undoubtedly  an  underestimate. 

About  two-thirds  of  the  Wabash  River  basin  is  agricultural  cropland,  the 
highest  proportion  within  the  Ohio  River  basin  (ORSANCO,  1990).  The  water 
quality  of  many  large  bodies  of  surface  water  improved  during  the  1980s,  because 
of  better  waste  treatment  at  municipal  and  industrial  point  sources  of  pollution. 
Due  to  the  better  treatment  of  municipal  and  industrial  wastes,  agricultural 
activities  are  now  recognized  as  the  predominant  determinants  of  water  quality 
and  ecosystem  health  degradation  in  many  Midwestern  rivers,  including  the 
Wabash  River  (Gammon,  1993,  1994)  and  its  tributaries  (Gammon,  et  al,  1990; 
Gammon  and  Gammon,  1993). 
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Until  recently,  wetlands  were  considered  a  nuisance  to  be  obliterated  by 
draining,  clearing,  inundating,  or  filling  with  solid  wastes.  From  the  mid-1950s 
to  the  mid-1970s,  an  average  of  458,000  acres  of  wetlands  per  year  were 
eliminated  from  the  contiguous  United  States.  During  the  next  decade,  losses 
were  reduced  to  290,000  acres  per  year  (Dahl,  1990;  Dahl  and  Johnson,  1991). 
Agricultural  development  accounted  for  87%  of  the  wetland  conversion  from  the 
mid-1950s  to  the  mid-1970s,  and  similar  development  was  responsible  for  54% 
of  the  losses  from  the  mid-1970s  to  the  mid-1980s  (U.S.  Department  of  the 
Interior,  1994). 

Riparian  wetlands  are  periodically  flooded  lands  adjacent  to  flowing  waters 
that  support  characteristic  biotic  communities.  These  wetlands  are  not  included 
in  the  overall  estimates  of  wetlands  loss,  because  riparian  wetlands  are  variably 
narrow  and  difficult  to  assess  (Dahl,  pers.  comm.). 

Hupp  (1988)  argued  that  the  word  "riparian"  is  often  loosely  used  to  include 
the  entire  floodplain,  even  when  it  may  be  flooded  only  on  the  average  of  once 
every  two  years  (Wolman  and  Leopold,  1957).  He  suggested  that  the  term  should 
refer  only  to  bank  or  channel-shelf  features  and  vegetation.  Cowardin,  et  al. 
(1979)  avoided  the  term  entirely  in  their  classification  of  wetlands  and  defined 
wetlands  as  "....lands  transitional  between  terrestrial  and  aquatic  systems  where 
the  water  table  is  usually  at  or  near  the  surface  or  the  land  is  covered  by  shallow 
water."  For  the  purposes  of  their  classification,  wetlands  must  have  one  or  more 
of  the  following  three  attributes:  1)  at  least  periodically,  the  land  supports  a 
vegetation  composed  predominantly  of  hydrophytes;  2)  the  substrate  consists 
predominantly  of  undrained  hydric  soil;  and/or  3)  the  substrate  is  a  nonsoil  which 
is  saturated  with  water  or  covered  by  shallow  water  at  some  time  during  the 
growing  season  of  each  year. 

The  riparian  ecosystems  found  throughout  Indiana,  including  the 
west-central  section  to  be  discussed  here,  consist  primarily  of  bottomland  forests 
and  their  inhabitants.  The  original  riparian  community  was  probably  dominated 
by  tree  species  such  as  those  found  by  Lindsey  (1962)  at  Beall  Woods  (now  Beall 
Woods  State  Park)  near  Keensburg,  Illinois.  He  found  that  a  high  proportion  of 
trees  at  Beall  Woods  exceeded  76  cm  (30  inches)  in  basal  diameter.  A  year  earlier, 
he  found  that  none  of  the  stands  which  were  examined  along  the  Wabash  River 
from  Logansport  to  Vincennes,  Indiana,  represented  the  original,  presettlement 
type  (Lindsey,  etal,  1961),  and  "....it  appeared  that  every  example  of  such  superb 
timber  had  been  sacrificed..." 

Lindsey,  et  al.  (1961)  found  that  the  chief  species  on  first  bottoms  or  lowest 
terraces  were  black  willow  (Salix  nigra),  silver  maple  (Acer  saccharinum), 
American  elm  (Ulmus  americana),  and  cottonwood  (Populus  deltoides),  with 
important  contributions  from  sycamore  (Platanus  occidentalis),  red  elm  (Ulmus 
rubra),  cork  elm  (Ulmus  thomasi),  boxelder  (Acernegundo),  white  ash  (Fraxinus 
americana),  and  hackberry  (Celtis  occidentalis).  On  the  less  frequently  flooded 
second  terraces,  a  shift  occurred  to  species  which  were  less  water  tolerant  but 
more  shade  tolerant. 

Lindsey,  et  al  (1961)  also  reported  that  on  the  cut  banks  of  the  Wabash  and 
Tippecanoe  Rivers,  rapid  erosion  undermined  and  toppled  trees  of  any  size. 
However,  erosion  proceeded  slowly  where  old  elms  sheathed  the  steeply  sloping 
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banks  with  a  network  of  exposed,  living  roots,  mostly  several  centimeters  in 
diameter,  which  effectively  protected  both  the  trees  and  the  banks. 

Representatives  of  these  same  species  still  border  Indiana's  streams  and 
rivers.  However,  "...the  floodplains  were  rapidly  cleared..."  after  settlers 
discovered  that  rich  bottomlands  would  grow  the  best  corn  after  the  trees  had 
been  cleared  (Petty  and  Jackson,  1966,  p.  275).  As  a  result,  little  of  the  original 
ecotone  remains  to  buffer  water  courses  from  agricultural  activities.  Furthermore, 
some  headwaters  have  been  transformed  into  straight  "ditches"  or  "drains"  whose 
main  function  is  to  facilitate  removal  of  excess  water  from  agricultural  fields 
during  rainy  periods.  They  frequently  have  steep  grassy  or  bare  banks  with  a 
narrow  crown  of  low  woody  growth. 

MATERIALS  AND  METHODS 

Wabash  River.  The  middle  Wabash  River  has  been  studied  since  1967 
(Gammon,  1993, 1994).  The  first  riparian  survey  was  undertaken  in  1983,  because 
an  accelerated  rate  of  tree  cutting  had  been  observed  along  the  river  corridor 
during  the  previous  several  years.  The  middle  Wabash  River  includes 
approximately  265  km  (165  miles)  of  river  between  Delphi  and  Merom,  Indiana 
(Figure  1).  For  the  purposes  of  this  survey,  this  section  of  the  river  was  divided 
into  12  Reaches  of  unequal  length  (Table  1). 

Surveys  of  the  Wabash  River's  near-shore  riparian  wetlands  were  made 
during  the  summers  of  1983  and  1994.  The  1983  evaluation  was  made  from  the 
river's  surface  by  boat.  A  boat  was  also  used  in  1994  for  examining  river  banks 
between  Delphi  and  Montezuma,  Indiana,  while  the  survey  from  Montezuma  to 
Merom,  Indiana,  was  made  using  a  light  plane. 

Three  classes  of  riparian  condition  were  determined:  1)  banks  which  were 
devoid  of  trees  (although  some  brushy  growth  might  be  present);  2)  banks  with 
one  or  two  trees  growing  between  the  river's  edge  and  the  fields  beyond;  and  3) 
banks  with  more  than  two  trees.  Distinguishing  between  categories  (2)  and  (3) 
was  sometimes  difficult  and  created  most  of  the  judgmental  problems.  Few 
pastures  or  grassland  communities  occur  within  the  Wabash  River  corridor, 
where  most  of  the  tilled  fields  abut  directly  on  the  riparian  border.  No  attempt 
was  made  to  determine  the  width  of  forested  riparian  borders  because  of 
constraints  of  time  and  funding. 

Big  Raccoon,  Big  Walnut,  and  Deer  Creeks.  These  three  tributaries  are 
located  roughly  at  the  epicenter  of  the  Wabash  River  basin  and  drain  most  of 
Putnam  County  as  well  as  small  portions  of  Montgomery,  Boone,  and  Hendricks 
Counties  (Figure  1).  Big  Raccoon  Creek  drains  directly  into  the  Wabash  River 
near  Montezuma,  Indiana,  while  the  other  two  streams  form  the  headwaters  of 
the  Eel  River,  which  flows  into  the  White  River  near  Worthington,  Indiana.  The 
drainage  basins  of  these  watersheds  total  1,487  km2  (574  mi2)  or  1.74%  of  the 
total  Wabash  River  basin  (85,500  km2). 

Included  in  the  study  were:  1)  the  Big  Raccoon  Creek  mainstem  (an  Order  3 
stream  (see  below))  and  its  tributaries  upstream  from  the  Mansfield  Reservoir; 
2)  Big  Walnut  Creek  (an  Order  4  stream)  and  its  tributaries  upstream  from 
Reelsville,  Indiana;  and  3)  Deer  Creek  (an  Order  3  stream)  and  its  tributaries 
upstream  from  Putnamville,  Indiana. 
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WABASH    RIVER 
DRAINAGE    BASIN 


Figure  1 .  The  Wabash  River  drainage  basin  showing  the  location  of  the  riparian 
studies  along  the  Wabash  River  and  three  of  its  tributaries  with  an  enlargement 
of  the  Reaches  on  the  middle  Wabash  River. 

The  upper  Big  Raccoon  and  Big  Walnut  Creeks  originate  in  the  poorly 
drained  soils  of  the  Tipton  Till  Plain  Section  of  the  Central  Till  Plain  Natural 
Region  (Homoya,  et  al,  1985).  Most  of  the  original  vegetation  (  75%)  was 
removed  for  agriculture,  and  drainage  problems  were  addressed  by  channelizing 
the  beds  of  the  original  sluggish  streams.  The  streams  grow  in  size  as  they  flow 
southwestwardly  into  the  Entrenched  Valley  Section  of  the  Central  Till  Plain  with 
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Table  1 .  The  location  of  the  study  Reaches  for  the  middle  Wabash  River.  All  the 
Reaches  are  within  Indiana  unless  otherwise  noted. 


Reach 

River  Mile  (Rkm) 

Description  of  Location 

1 

330  to  313  (531-502) 

Delphi  to  Lafayette 

2 

312  to  302  (501-486) 

Lafayette  and  West  Lafayette  area 

3 

301  to  286  (485-460) 

Lafayette  to  Attica 

4 

285  to  269  (459-433) 

Attica  to  Covington 

5 

268  to  251  (432-404) 

Covington  to  Coal  Creek 

6 

251  to  246  (404-396) 

Cayuga  Electric  Generating  Station 

7 

247  to  233  (396-375) 

Cayuga  Electric  Generating 
Station  to  East  Lilly 

8 

232  to  218  (374-351) 

East  Lilly  to  Otter  Creek 

9 

217  to  212  (349-341) 

Wabash  Electric  Generating  Station 

10 

213  to  203  (343-327) 

Terre  Haute  area 

11 

202  to  186  (325-299) 

Terre  Haute  STP  to  Darwin,  Illinois 

12 

185  to  160  (298-257) 

Darwin,  Illinois,  to  Merom 

its  steeper  topography  and  larger  forests.  Deer  Creek  flows  almost  entirely  within 
this  Section.  All  of  the  streams  studied  lie  within  the  Eastern  Corn  Belt  Plain 
Ecoregion  of  Omernik  and  Gallant  (1988),  except  for  the  lower  part  of  Big  Walnut 
Creek,  which  lies  within  the  Interior  River  Lowlands  Ecoregion. 

A  total  of  123  sites  were  evaluated  for  the  quality  of  their  habitat,  including 
riparian  conditions:  43  sites  were  located  on  Big  Raccoon  Creek,  63  on  Big 
Walnut  Creek,  and  17  on  Deer  Creek.  Most  of  the  sites  were  located  near  bridges, 
and  measurements  were  taken  either  upstream  or  downstream  depending  on  the 
section  selected  for  electrofishing.  Each  site  consisted  of  a  100-meter  long  section 
of  stream  divided  into  10  transects  spaced  approximately  10  m  apart.  Stream 
width  was  determined  with  a  metric  field  tape.  Water  depth  (cm)  was  measured 
at  intervals  of  approximately  0.7  m  along  each  transect.  The  predominant 
substrate  type  was  categorized  at  each  measured  depth  point  as  mud  (M),  sand 
(S),  gravel  (G),  rock  (R),  bedrock  (B),  or  clay  (C). 

The  width  of  the  riparian  wetland  on  both  streambanks  was  estimated  to  a 
maximum  of  50  meters.  Bank  angle  and  height  of  the  highwater  mark  were  also 
determined  on  both  streambanks. 

Habitat  quality  was  quantified  using  a  weighted  numbering  system  which 
included  eight  instream  and  nearstream  characteristics  similar  to  those  developed 
by  Platts,  et  al  (1983).  An  overall  quantitative  expression  of  habitat  quality  for 
aquatic  life  was  obtained  by  adding  the  scores. 
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Figure  2.  Percent  bare  banks  and  banks  with  only  1-2  trees  between  the  edge  of 
the  Wabash  River  and  the  associated  agricultural  fields  in  1983  and  1994. 


Three  of  the  categories  dealt  specifically  with  the  character  and  extent  of  the 
riparian  wetlands:  1)  the  completeness  of  the  riparian  zone  (1-15  points);  2)  the 
percent  canopy  cover  (1-10  points);  and  3)  the  primary  vegetation  of  the  riparian 
zone  (1-10  points).  Each  category  was  subdivided  into  four  classes  with  a  range 
of  several  points  in  each  class. 

Other  stream  characteristics  included  stream  gradient,  sinuosity,  drainage 
basin  area,  and  stream  order.  These  characteristics  were  determined  using  U.S. 
Geological  Survey  maps  (scale  =  1:24,000).  The  smallest  permanent  streams  were 
designated  as  Order  1.  Second  order  streams  begin  where  two  Order  1  streams 
join  and  end  where  another  Order  2  stream  enters  (Strahler,  1957),  and  so  on  for 
higher  order  streams.  Many  of  the  small  intermittent  streams  indicated  by  dashed 
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Table  2:  The  results  of  the  1994  survey  of  eroding  banks  and  banks  with  only  1-2 
trees  on  the  Wabash  River  from  Delphi  to  Merom,  Indiana. 


Total  Bank 

Bare 

Banks  With 

Bare  + 

Banks 

Reach 

Length 

Banks 

1  -2  Trees 

With  1-2  Trees 

(km) 

(km) 

(km) 

(km) 

(%) 

1 

58 

0.89 

4.29 

5.18 

8.93 

2 

30 

1.90 

1.59 

3.50 

11.65 

3 

50 

1.04 

1.81 

2.84 

5.69 

4 

54 

2.96 

1.52 

4.48 

8.30 

5 

56 

1.54 

1.78 

3.33 

5.94 

6 

16 

2.46 

0.75 

3.20 

20.02 

7 

42 

2.94 

1.81 

4.75 

11.30 

8 

46 

3.04 

1.66 

4.70 

10.22 

9 

18 

1.74 

0.82 

2.56 

14.22 

10 

32 

2.17 

0.72 

2.89 

9.04 

11 

54 

2.24 

5.28 

7.52 

12.92 

12 

81 

7.33 

5.18 

12.51 

15.44 

518  km 

28.82  km 

27.21  km 

57.46  km 

11.09% 

lines  on  U.S.  Geological  Survey  maps  flowed  continuously  throughout  the 
summer  of  1993  because  of  frequent  rains.  These  tiny  streams  were  included  as 
Order  0  streams.  The  area  of  watershed  serving  each  site  was  obtained  either  from 
U.S.  Geological  Survey  maps  using  a  planimeter  or  from  the  values  published  by 
Hoggatt  (1975).  Riparian  sites  were  grouped  into  two  classes  based  on  whether 
the  drainage  basin  area  was  greater  or  less  than  52  km2  (20  mi2). 

RESULTS 

Wabash  River.  In  1994,  28.82  km  (5.56%)  of  bare  banks  and  27.21  km 
(5.25%)  of  banks  with  only  1-2  trees  were  found  within  the  518  km  of  the 
middle  Wabash  River  (Table  2).  These  estimates  are  lower  than  those  of  1983, 
when  37.92  km  (7.32%)  of  bare  banks  and  35.0  km  (6.76%)  of  areas  with  1-2 
trees  were  found. 

The  proportion  of  bare  banks  along  the  Wabash  River  in  1994  was  highest  in 
Reach  6  at  the  Cayuga  Electric  Generating  Station,  where  virtually  the  entire  outer 
bank  of  the  large  oxbow  is  bare  (Table  2).  More  than  9%  of  the  banks  in  Reach 
12,  the  longest  Reach  (extending  from  Darwin,  Illinois,  to  Merom,  Indiana),  was 
barren  of  woody  growth  (Figure  2).  Other  sections  with  relatively  high  percentages 
of  bare  banks  included  Reaches  2,  6,  7,  8,  and  10. 

The  extent  of  banks  protected  minimally  with  only  1-2  trees  in  1994  was 
greatest  (9.77%)  in  Reach  1 1  (Terre  Haute,  Indiana  to  Darwin,  Illinois).  Reach  1 
(Delphi  to  Lafayette,  Indiana)  also  contained  many  short  sections  with  limited 
bank  protection.  In  most  other  Reaches,  the  proportion  of  banks  with  only  1-2 
trees  was  less  than  the  proportion  of  bare  banks. 

In  1994,  many  groves  of  small  willows  were  found  growing  on  banks  which 
were  bare  or  only  thinly  vegetated  in  1983.  Most  were  small  patches,  but  some 
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Figure  3.  The  width  (m)  of  the  riparian  wetlands  in  three  west-central  Indiana 
stream  systems. 

fairly  extensive  groves  occurred  in  the  following  areas:  Clinton,  Indiana,  at  the 
mouth  of  Otter  Creek;  the  oxbow  river  bend  south  of  1-70  at  Terre  Haute;  and 
upriver  from  York,  Illinois.  Some  portion  of  the  lower  values  of  bare  or  minimally 
protected  banks  found  in  1994  as  compared  to  the  1983  may  be  attributable  to 
this  pioneering  invasion  of  willows.  Another  portion  may  be  attributed  to 
interpretive  differences. 

Big  Raccoon,  Big  Walnut,  and  Deer  Creeks.  The  width  of  the  riparian 
wetlands  flanking  these  three  stream  systems  reflects  the  intensity  of  agricultural 
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Table  3.  The  width  in  meters  of  riparian  wetlands  measured  at  collecting  sites  in 
the  Big  Raccoon  Creek,  Big  Walnut  Creek,  and  Deer  Creek  watersheds  in 
1993-94. 

Width  Class  Size  of  Watersheds 

(meters)  <  52  km2  >  52  km2 

Big  Raccoon  Creek  (N  =  43) 

0-    3  10(23.3%)  4(  9.3%) 

4-9  4  (  9.3%)  2  (  4.7%) 

10-24  3(  7.0%)  5(11.6%) 

25-49  8(18.6%)  5(11.6%) 

50+  1  (  2.3%)  1  (  2.3%) 

Big  Walnut  Creek  (N  =  63) 

0-    3  7(11.1%)  1  (  1.6%) 

4-    9  13(20.6%)  8(12.7%) 

10-24  8(12.7%)  5(  7.9%) 

25-49  8(12.7%)  6(  9.5%) 

50+  5  (  7.9%)  2  (  3.2%) 

Deer  Creek  (N  =  18) 

0-    3  2(11.1%)  1  (  5.6%) 

4-    9  2(11.1%) 

10-24  5(27.8%)  1(  5.6%) 

25-49  4  (22.2%)  1  (  5.6%) 

50+  2(11.1%) 

development  in  their  watersheds.  Big  Raccoon  Creek  was  the  least  buffered, 
and  Deer  Creek  was  the  most  buffered  (Table  3,  Figure  3).  Approximately 
33%  of  the  sites  on  Big  Raccoon  Creek  were  flanked  by  riparian  wetlands  less 
than  3  m  wide  as  compared  to  only  13%  for  Big  Walnut  Creek  and  17%  for 
Deer  Creek.  The  riparian  widths  of  about  one-third  of  the  sites  on  Big  Raccoon 
and  Big  Walnut  Creeks  exceeded  25  m,  while  nearly  40%  of  the  sites  on  Deer 
Creek  were  similarly  protected. 

The  woody  vegetation  of  the  riparian  wetlands  was  dominated  by  saplings 
and  shrubs  in  all  three  creek  systems  (Table  4,  Figure  4).  Grasses  predominated 
at  23%  of  the  sites  on  Big  Raccoon  Creek  and  at  41%  of  the  sites  on  Deer  Creek, 
a  reflection  of  the  incidence  of  pastures  bordering  these  streams.  Trees 
predominated  at  only  1 1%  of  the  sites  on  Deer  Creek  and  8%  of  the  sites  on  Big 
Raccoon  Creek  and  barely  exceeded  20%  in  the  Big  Walnut  drainage. 

Shading  of  the  stream  surface  is  especially  important  in  small  streams,  where 
cool  water  temperatures  are  essential  for  the  survival  of  such  residents  as 
smallmouth  bass  and  darters.  For  streams  with  drainage  basin  areas  smaller  than 
52  km2,  the  proportion  of  shading  was  much  greater  over  Deer  Creek  and  Big 
Walnut  Creek  than  over  Big  Raccoon  Creek  (Table  5,  Figure  5),  where  the  vertical 
canopy  coverage  was  less  than  50%  at  about  60%  of  the  sites. 
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Figure  4.  The  primary  vegetation  of  riparian  wetlands  in  three  west-central 
Indiana  stream  systems. 


The  evaluation  of  the  riparian  wetlands'  condition  was  based  on  the  degree  of 
disturbance (e. g.,bankerosion,presenceof gullies, etc. )orthelackthereof.  More 
than  45%  of  the  sites  on  Big  Walnut  Creek  were  well-protected  as 
compared  to  about  30%  of  the  sites  on  Deer  Creek  and  20%  of  the  sites  on 
Big  Raccoon  Creek  (Table  6,  Figure  6).  Severe  bank  erosion  occurred  at 
about  10%  of  the  sites  located  on  Deer  and  Big  Walnut  Creeks  and  at  23% 
of  the  sites  on  Big  Raccoon  Creek. 
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Table  4.  The  primary  vegetation  of  riparian  wetlands  at  collecting  sites  in  the  Big 
Raccoon  Creek,  Big  Walnut  Creek,  and  Deer  Creek  watersheds  in  1993-94. 


Primary 
Vegetation 

Size  of  Watersheds 
<  52  km2                   >  52  km2 

Big  Raccoon  Creek  (N  =  43) 

No  vegetation 
Mainly  grasses 
Saplings  and  shrubs 
Mainly  tree 

3  (  7.0%) 

9  (20.9%) 

13  (30.2%) 

1  (  2.3%) 

1  (  2.3%) 
14  (32.6%) 

2  (  4.7%) 

Big  Walnut  Creek  (N  =  63) 

No  vegetation 
Mainly  grasses 
Saplings  and  shrubs 
Mainly  trees 

1  (  1.6%) 
10(15.9%) 
22  (34.9%) 

8(12.7%) 

1  (  1.6%) 

16  (25.4%) 

5  (  7.9%) 

Deer  Creek  (N  =  17) 

No  vegetation 
Mainly  grasses 
Saplings  and  shrubs 
Mainly  trees 

5  (29.4%) 
8(47.1%) 
1  (  5.9%) 

2(11.8%) 
1  (  5.9%) 

DISCUSSION 

Forested  riparian  wetlands  in  small  to  mid-size  streams  can  moderate  water 
temperatures,  provide  important  sources  of  organic  matter,  reduce  sediment  and 
nutrient  inputs,  stabilize  stream  banks,  and  provide  physical  in-stream  habitat  for 
aquatic  life. 

Natural  small  streams  are  cool  and  thermally  stable  with  low  rates  of  primary 
production,  because  light  may  be  reduced  to  only  1-3%  of  full  sunlight.  Their 
inhabitants  are  behaviorally  and  physiologically  adapted  to  reduced  light  and  cool 
temperatures  (Naiman,  et  ai,  1992).  Removal  of  the  trees  from  along  normally 
shaded  small  streams  may  lead  to  dramatic  increases  in  diurnal  water  temperature 
to  levels  which  can  be  intolerable  to  thermally  sensitive  macroinvertebrates  and 
fish.  The  exposure  of  streams  to  full  or  partial  sunlight  also  stimulates  the  growth 
of  periphyton,  which  may  substantially  alter  the  diurnal  pattern  of  dissolved 
oxygen  concentration  through  phytosynthesis,  especially  in  nutrient-rich  agricultural 
landscapes. 

An  additional  delayed  problem  may  develop  when  the  dense  riparian  canopy 
is  completely  removed  from  small  streams.  Willows  and  cottonwood  may  quickly 
invade  the  stream  edge,  constrict  the  channel,  and  obstruct  the  flow  of  water.  The 
resulting  growth  may  have  to  be  controlled  every  2  to  3  years  in  order  to  maintain 
flood  flow  capacity  (McCall  and  Knox,  1978). 

The  benthic  macroinvertebrates  of  small-  and  medium-sized  streams  are 
adapted  to  utilize  leaf  litter  as  their  primary  source  of  energy,  thereby  fueling 
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Figure  5.  Canopy  coverage  (%)  in  three  west-central  Indiana  streams. 

the  entire  ecosystem.  The  macrobenthos  of  large  river  ecosystems  consume  the 
overabundant  phytoplankton  and  detritus,  which  proliferates  in  many 
Midwestern  rivers,  because  of  the  high  nutrient  inputs  from  both  tributary  and 
mainstem  sources. 

Riparian  wetlands  buffer  streams  from  sediment  originating  from 
disturbances  such  as  road-building,  logging,  mining,  building  construction,  and 
agriculture.  This  buffering  relationship  is  complex,  because  of  differences  in 
topography,  geologic  material,  soils,  and  climate,  but  relatively  narrow  riparian 
buffer  strips  act  effectively  to  remove  a  substantial  portion  of  the  sediment  carried 
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Table  5.  Canopy  coverage  (%)  at  sites  in  the  Big  Raccoon  Creek,  Big  Walnut  Creek, 
and  Deer  Creek  watersheds  with  drainage  basin  areas  less  than  52  km  in  1993-94. 

Canopy  Coverage  Number  Percent 

%  % 

Big  Raccoon  Creek  (N=  26) 

0-24  5  19.2 

25-  49  10  38.5 

50-  74  10  38.5 

75  -  100  1  3.8 

Big  Walnut  Creek  (N  =  41) 

0-24  4  9.8 

25-    49  10  24.4 

50-    74  25  61.0 

75  -  100  2  4.9 

Deer  Creek  (N  =  14) 

0-24  1  7.1 

25-49  2  14.3 

50-    74  10  71.4 

75-100  1  7.1 

by  sheet  erosion  (Peterson  and  Correll,  1984;  Kovacic,  et  al,  1990;  Osborne  and 
Kovacic,  1993).  The  use  of  grassy  waterways  in  field  depressions  to  reduce  soil 
erosion  in  Cornbelt  States  is  a  familiar  rural  feature. 

Riparian  wetlands  also  trap  sediments  during  flood  events,  which  otherwise 
would  be  deposited  on  agricultural  fields.  When  floodwaters  exceed  bankful 
capacity,  most  of  the  coarse  suspended  sediment  is  deposited  within  the  strip  of 
riparian  forest  close  to  the  stream  bank.  In  sections  with  no  riparian  forest,  coarse 
sand  piles  are  deposited  on  agricultural  fields,  rendering  them  unsuitable  for  the 
growth  of  typical  crops.  Condit  and  Roseboom  (1989)  concluded  that  stream 
channel  erosion  into  floodplain  rowcrop  fields  constituted  the  primary  flood 
damage  to  landowners  in  the  Court  Creek  watershed  in  Illinois. 

Riparian  vegetation  plays  a  role  in  intercepting  sediment  and  nutrients 
leached  and  eroded  from  agricultural  fields  before  they  can  enter  streams, 
reservoirs,  and  rivers.  Without  an  adequate  riparian  buffer,  sediment  and  nutrients 
readily  move  into  small  tributaries.  Upon  delivery  to  open,  sunlit  rivers  and 
reservoirs,  the  nutrients  stimulate  rampant  growth  of  nuisance  phytoplankton. 

Kovacic,  et  al.  (1990)  and  Osborne  and  Kovacic  (1993)  examined  the 
effectiveness  of  forested  and  grass-vegetated  buffer  strips  for  reducing  shallow 
subsurface  inputs  of  nutrients  from  agriculture  to  the  East  Branch  of  the  Embarras 
River,  an  Illinois  tributary  of  the  lower  Wabash  River.  The  riparian  forest  was  16 
meters  (52  feet)  wide  and  dominated  by  mature  (>  40  years)  cottonwood  (Populus 
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Figure  6.  Bank  erosion  assessment  of  three  west-central  Indiana  stream  systems. 

deltoides)  and  silver  maple  {Acer  saccharinum).  The  riparian  grassland  was  a 
39-meter  (152-feet)  wide  strip  of  reed  canary  grass  (Phalaris  arundinacea). 
Groundwater  was  sampled  from  various  positions  and  depths  from  an  upland 
planted  in  conventional  corn  and  soybeans  and  from  the  forested,  grass,  and 
rowcrop  buffer  strips  over  a  17  month  period.  Concentrations  of  dissolved  (DP) 
and  total  phosphorus  (TP)  and  nitrate-N  were  determined  following  major 
precipitation  events.  Both  the  forested  and  grass  buffer  strips  acted  as  nutrient 
sinks  for  much  of  the  year,  but  released  DP  and  TP  during  the  dormant  season. 
Forests  were  more  effective  than  grassland  in  reducing  nitrate-N  in  groundwater 
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Table  6.  The  condition  of  riparian  wetlands  at  collecting  sites  in  the  Big  Raccoon 
Creek,  Big  Walnut  Creek,  and  Deer  Creek  watersheds  in  1993-94. 

Riparian  Wetland  Size  of  Watersheds 

Condition  <  52  km2  >  52  km2 


Big  Raccoon  Creek  (N  =  43) 


Frequent  breaks 

and  severe  erosion 
Moderate  erosion 
Slight  erosion 
Well-protected 

8(18.6%) 

4  (  9.3%) 
9  (20.9%) 
5(11.6%) 

2  (  4.7%) 

2  (  4.7%) 
9  (20.9%) 
4  (  9.3%) 

Big  Walnut  Creek  (N  =  63) 

Frequent  breaks 

and  severe  erosion 
Moderate  erosion 
Slight  erosion 
Well-protected 

7(11.1%) 

11  (17.5%) 
10(15.8%) 
13  (20.6%) 

2  (  3.2%) 

4(  6.3%) 

16  (25.4%) 

Deer  Creek  (N  =  17) 

Frequent  breaks 

and  severe  erosion 
Moderate  erosion 
Slight  erosion 
Well-protected 

2(11.8%) 

2(11.8%) 
6  (35.3%) 
4  (23.5%) 

2(11.8%) 
1  (  5.9%) 

but  were  less  efficient  in  retaining  TP  and  DP.  About  94%  nitrate-N  was  removed 
from  groundwater  by  10  m  (32  feet)  of  forest  and  97%  by  16  m  (52  feet).  Grass 
was  less  efficient;  50%  nitrate-N  was  removed  after  passing  through  14  m  (45  ft) 
of  grassland,  and  90+%  was  removed  by  a  strip  39  m  (128  feet)  wide.  Attempts 
to  measure  nutrients  in  groundwater  seeping  through  the  stream  bed  failed, 
because  tiled  fields  upstream  sometimes  elevated  instream  concentrations  of 
nitrate-N  to  more  than  20  mg/L. 

Riparian  wetlands  also  function  to  preserve  bank  stability.  One  characteristic 
of  unregulated  rivers  and  streams  is  a  high  degree  of  variability  in  discharge. 
During  periods  of  flooding,  the  roots  and  trunks  of  streambank  trees  absorb  the 
grinding  force  of  floating  ice  sheets,  woody  debris,  and  suspended  sand  and  gravel 
which  would  otherwise  erode  or  even  relocate  the  stream  channel.  Farnworth,  et 
al.  (1979)  have  reviewed  the  impacts  of  sediment  and  nutrients  on  the  aquatic 
biota.  In  the  lower  19  km  (12  miles)  of  Sugar  Creek,  more  than  30  acres  of 
cropland  was  eliminated  over  a  23  year  period  (1955-1978)  through  accelerated 
lateral  erosion  assisted  by  removal  of  the  riparian  wetlands.  Furthermore,  during 
a  wet  summer,  the  actively  eroding  banks  were  responsible  for  depressing  the  fish 
community  (Gammon  and  Riggs,  1983). 
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Lateral  erosion  may  be  impacting  the  fish  communities  of  Big  Raccoon,  Deer, 
and  Big  Walnut  Creeks  at  the  present  time,  since  severe  erosion  was  found  at 
23%,  12%,  and  1 1%  of  the  sites  on  these  three  streams,  respectively.  Damage  to 
adjacent  cropland  is  probably  also  high.  Hansen  (1971)  estimated  that  eroding 
banks  contributed  55%  of  the  increased  sediment  load  in  a  26  mile  section  of  Pine 
River  in  Michigan  and  that  a  74%  reduction  could  be  achieved  by  stabilizing  40% 
of  those  banks.  The  use  of  dormant  willow  posts  to  stabilize  eroding  banks  (Condit 
and  Roseboom,  1989)  is  currently  being  used  on  an  experimental  basis  in  the  Big 
Walnut  Creek  basin  (B.  Fisher,  pers.  comm.). 

The  elimination  of  riparian  wetlands  along  the  middle  Wabash  River  is 
clearly  a  major  concern,  because  approximately  5-7%  of  its  banks  are  devoid  of 
woody  vegetation  and  another  5-7%  provide  a  minimal  buffer  consisting  of  1-2 
trees  between  the  croplands  and  the  river's  edge.  Furthermore,  these  minimal 
wetlands  consist  mostly  of  many  short  segments  which  could  easily  be 
undermined,  resulting  in  a  subsequent  surge  in  the  rate  of  lateral  erosion.  The 
ecological  effects  that  eroding  banks  may  have  on  the  Wabash  River  ecosystem 
are  unknown. 

As  indicated  previously,  the  inadequate  riparian  buffers  of  its  tributaries,  as 
well  as  the  mainstem,  contribute  to  the  current  oversupply  of  nutrients  entering 
the  Wabash  River  mainstem.  During  the  summer,  masses  of  diatoms  and  other 
phytoplankton,  at  times  exceeding  100,000  cells/ml  with  chlorophyll-a  approaching 
200  ug/L,  produce  a  yellow-brown  turbidity  in  the  river.  Phytoplankton  respiration 
is  responsible  for  50-70%  of  the  dissolved  oxygen  deficit;  and  60%-77%  of  the 
total  carbonaceous  BOD  was  attributable  to  nonpoint  sources  (i.e.,  agricultural 
(HydroQual,  Inc.,  1984)).  This  oxygen  deficit  together  with  the  excessive 
turbidity  negatively  influenced  the  entire  river  and  caused  localized  fish  kills  in 
the  past  (Gammon  and  Reidy,  1981;  Parke  and  Gammon,  1986).  Nitrate-N, 
ammonia-N,  and  phosphate  concentrations  are  all  higher  in  the  upper  Wabash 
River  than  farther  downriver,  probably  as  a  result  of  the  extensive  tiling  of 
agricultural  fields  and  the  channelization  of  tributaries  in  this  area.  Clearly,  the 
ecological  health  of  the  Wabash  River  is  strongly  dependent  upon  the  ecological 
health  of  its  tributaries. 

The  estimated  width  of  the  riparian  wetlands  along  the  tributaries  may  not 
accurately  reflect  their  width  along  the  entire  stream  corridor.  Compared  to  the 
streams  sampled  in  this  study,  the  riparian  condition  of  streams  in  the  northern 
third  and  southwestern  quarter  of  Indiana  may  be  even  more  deteriorated,  because 
of  the  high  proportion  of  land  which  is  organized  into  drainage  enterprises  (U.S. 
Department  of  Agriculture,  1987). 

The  disappearance  of  wetlands  and  a  belated  recognition  of  their  importance 
to  the  quality  of  surface  waters  led  to  the  convening  of  a  National  Wetlands  Policy 
Forum,  which  recommended  a  policy  "to  achieve  no  overall  net  loss  of  the 
nation's  remaining  wetlands  base  and  to  create  and  restore  wetlands,  where 
feasible,  to  increase  the  quantity  and  quality  of  the  nation's  wetland  resource 
base"  (The  Conservation  Foundation,  1988).  The  maintenance  of  existing 
wetlands  and  the  reestablishment  of  wetlands,  including  riparian  wetlands,  could 
help  to  reduce  agricultural  nonpoint  source  pollution  of  streams  and  rivers  and 
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improve  the  total  aquatic  ecosystems,  not  only  in  flowing  waters,  but  also  in  lakes 
and  reservoirs. 

The  treatment  of  wastewater  generated  by  population  centers,  industries,  and 
mines  by  constructing  wetlands  has  received  widespread  attention  (Cooper  and 
Findlater,  1990).  However,  agricultural  engineering  activities  along  these  lines 
are  proceeding  at  a  slow  pace  in  Indiana.  In  Illinois,  Dr.  David  Kovacic  (pers. 
comm.)  is  currently  creating  wetlands,  which  will  receive  field  drainage  from 
tiles,  in  order  to  evaluate  their  effectiveness.  General  design  principles,  landscape 
locations,  and  case  studies  of  natural  and  constructed  riverine  wetlands  for  the 
control  of  diffuse  non-point  source  pollution  by  agriculture  are  presented  by 
Mitsch(1992). 

Efforts  to  restore  agriculturally  disturbed  streams  must  focus  upon  those 
factors  which  have  the  greatest  influence  on  biotic  communities,  factors  which 
can  realistically  be  altered  through  physical  alteration  and/or  local  management 
(Richards,  et  ai,  1993).  Long-term  restoration  efforts  should  include  activities 
which  reduce  surface  and  lateral  erosion,  reduce  nutrient  and  pollutant  delivery, 
and  enhance  the  physical  structure  of  stream  channels.  Severely  eroding  banks 
can  be  stabilized  with  rip-rap,  willow  cuttings,  lunker,  and  A-jack  installations. 
Access  to  streams  by  cattle  and  hogs  can  be  limited  by  fencing.  Plowing  to  the 
river's  edge  should  be  eliminated.  In-channel  modifications  and  additions  may 
be  desirable  in  low-gradient  headwaters.  However,  restoration  efforts  must 
include  reestablishing  adequate  riparian  wetland  buffer  zones  which  provide 
more  long-term  benefits  and  may  be  more  cost  effective.  Riparian  borders  at  least 
10  m  wide  should  be  established  on  all  Order  3  or  larger  streams.  Research  should 
be  undertaken  to  determine  how  wide  the  riparian  border  should  be  for  smaller 
Order  streams. 

One  positive  agricultural  trend  is  the  rapid  adoption  of  no-till  methods  of 
farming.  In  1990,  only  7.5%  of  corn  and  soybeans  were  grown  under  no-till 
practices  in  Putnam  County.  However,  by  1993,  50%  of  fields  were  no-till,  and, 
in  1994,  approximately  60%  were  no-till.  Fisher  (pers.  comm.)  estimates  that 
reductions  in  field  erosion  in  Putnam  County  are  about  250  x  106  tons  of  soil 
annually  with  attendant  decreases  in  phosphate  and  nitrate-N  runoff  to  streams. 
These  positive  trends  are  of  potential  value  to  stream  ecosystems  only  if  streams 
are  well  buffered  by  riparian  corridors. 

The  riparian  wetland  assessments  indicate  that  Big  Raccoon  Creek  has  the 
thinnest  riparian  vegetated  border  (32%  sites  <  3  m  wide),  the  greatest  incidence 
of  severe  and  moderately  eroding  banks  (40%),  and  the  most  open  canopy  (60% 
sites  <  50%  shaded).  Big  Walnut  Creek  was  somewhat  better  with  more  than 
50%  of  its  riparian  border  measuring  more  than  9  m  in  width  and  a  majority  of 
its  sites  having  more  than  50%  shading;  however,  more  than  30%  of  its  banks  are 
exposed  to  moderate  to  severe  erosion.  The  riparian  wetlands  along  Deer  Creek 
were  in  the  best  condition  with  more  than  70%  of  its  sites  having  good  protection 
(>  10  m),  about  80%  of  its  sites  were  shaded,  and  less  than  25%  of  its  banks 
showed  moderate  to  severe  erosion. 

The  riparian  wetlands  bordering  these  tributaries  currently  do  not  provide  the 
stream  ecosystems  with  sufficient  protection  from  agricultural  activities,  the 
predominant  determinant  of  stream  water  quality.  The  ecological  problems 
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resulting  from  this  inadequate  protection  extend  into  the  larger  rivers  and 
reservoirs  of  which  they  are  a  part.  A  comprehensive  evaluation  of  flowing  waters 
throughout  the  State  is  needed,  and  programs  should  be  started  to  seek  for  and  to 
propose  solutions  to  those  problems. 
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ABSTRACT:  The  Indiana  Gap  Analysis  Project  and  the  proposed  Indiana  Biodiversity 
Protection  and  Restoration  Framework,  as  part  of  the  nationwide  Gap  Analysis  Project, 
will  confront  the  critical  environmental  problem  of  declining  biodiversity.  Some 
estimates  place  the  current  rate  of  extinctions  worldwide  at  about  1 ,000  times  the  natural 
rate.  The  U.S.  Fish  and  Wildlife  Service  currently  lists  approximately  640  species  as 
threatened  or  endangered,  and  approximately  2,1 18  additional  species  are  candidates  for 
listing.  A  National  Wildlife  Federation  report  indicates  that  43%  of  these  Federally  listed 
species  are  wetland  dependent.  Therefore,  the  loss  of  nearly  87%  of  Indiana's  historic 
wetlands  reflects  a  significant  regional  loss  in  biodiversity. 

Gap  Analysis  is  being  developed  by  the  U.S.  Fish  and  Wildlife  Service  primarily 
to  assess  biodiversity  on  a  continental  scale.  Narrowly  defined,  Gap  Analysis  will  allow 
gaps  in  species'  representation  (i.e.,  biodiversity)  to  be  identified  in  areas  where  the 
long-term  maintenance  of  native  species  and  natural  ecosystems  is  the  goal.  Gap  Analysis 
represents  one  method  to  identify  and  subsequently  to  provide  data  for  improving  the 
protection  of  endangered  elements  of  biodiversity.  While  Gap  Analysis  has  a  strong 
research  orientation,  it  is  fundamentally  a  tool  for  conservation  biology. 

Through  the  metaproject  approach,  the  Indiana  Project  has  other  applications  in 
addition  to  the  continental-scale  analysis  of  biodiversity.  The  driving  force  behind  the 
Indiana  Project  has  been  to  develop  a  strategy  for  the  long-term  protection  and  recovery 
of  the  State' s  biodiversity.  Gap  Analysis  will  be  used  to  aid  in  the  restoration  of  wetlands 
and  other  ecosystems  that  are  essential  for  the  management  of  biodiversity  in  Indiana. 
The  principal  natural  resource  agencies  and  key  non-governmental  environmental 
organizations  in  Indiana  will  all  be  involved  in  the  implementation  of  Gap  Analysis. 

KEYWORDS:  Biodiversity,  Gap  Analysis,  geographic  information  system,  habitat 
restoration,  landscape,  metaproject,  wetlands. 

INTRODUCTION 

Human  beings  are  the  principal  agents  of  biodiversity  decline  (Ehrlich  and 
Ehrlich,  1981)  with  wetlands  (also  savannas  and  prairies)  proving  especially 
vulnerable  to  anthropomorphic  changes  to  the  natural  landscape.  Wetlands, 
moreover,  have  a  particular  significance  for  biodiversity;  a  strong  correlation 
exists  between  the  loss  of  half  or  more  of  all  the  wetlands  in  the  Midwest  (and 
alteration  of  nearly  all  others)  and  the  number  of  species  listed  as  threatened  or 
endangered.  A  National  Wildlife  Federation  report  indicates  that  43%  of  the  595 
plant  and  animal  species  listed  by  the  U.S.  Fish  and  Wildlife  Service  as  threatened 
or  endangered  depend  on  wetlands  for  their  continued  existence  (Hair,  et  al, 
1992).  Perhaps  even  more  alarming  than  the  loss  of  wetland  ecosystems  and  the 
species  that  depend  on  them  is  the  general  acceleration  in  the  decline  in 
biodiversity.  Some  estimates  place  the  current  extinction  rate  at  1,000  times  the 
natural  rate  (Wilson,  1988). 
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Wetlands  play  a  fundamental  role  in  the  natural  landscape  of  the  Midwest. 
Based  on  data  provided  by  the  Natural  Resources  Conservation  Service  (formerly 
the  Soil  Conservation  Service)  and  the  Indiana  Department  of  Natural  Resources, 
approximately  2.3  million  ha  (5.6  million  acres)  of  wetlands  covered  nearly  25% 
of  the  present  State  of  Indiana  prior  to  European  settlement  in  the  early  part  of 
the  19th  century  (Indiana  Department  of  Natural  Resources,  1989).  Indiana 
retains  about  320,000  ha  of  wetlands  (about  13%  of  the  pre-settlement  wetland 
area)  in  several  major  wetland  regions.  These  regions  are  the  Northern  Indiana 
Kettle,  Grand  Kankakee  Marsh,  Muncie,  Cincinnati,  Blue  River  Valley,  Lower 
Wabash  River,  and  Ohio  River  Regions.  Cowardin,  etal.  (1979)  classify  wetlands 
into  five  primary  systems  of  which  three,  the  palustrine,  riverine,  and  lacustrine 
systems,  exist  in  Indiana.  Major  wetland  types  occurring  in  Indiana  include  kettle 
wetlands,  occurring  primarily  in  the  Northern  Indiana  Kettle  and  Muncie  Regions, 
and  floodplain  or  bottomland  hardwood  forest  wetlands,  occurring  in  all  regions  but 
most  expressively  in  the  Lower  Wabash  River  Region.  Historically,  wet  prairie 
covered  a  significant  portion  of  the  Grand  Kankakee  Marsh  Region.  This  area  was 
entirely  drained  in  the  early  part  of  the  20th  century. 

Gap  Analysis  is  an  important  tool  for  landscape-scale  analysis.  The  U.S.  Fish 
and  Wildlife  Service  began  developing  Gap  Analysis  in  the  late  1980s  primarily 
to  assess  biodiversity  on  a  continental  scale.  Gap  Analysis  is  a  scientific  approach 
to  evaluating  biodiversity  and  to  providing  the  data  necessary  for  the  development 
and  application  of  a  biodiversity  protection  strategy.  A  rapidly  changing  natural 
environment  coupled  with  our  incomplete  understanding  of  the  fundamental 
dynamics  of  biodiversity  suggest  that  a  prudent  course  of  action  should  be  adopted 
to  insure  the  continued  benefits  of  a  biologically  diverse  world  to  society.  Such 
a  prudent  course  requires,  wherever  practical,  the  protection  and  restoration  of 
pre-settlement  biodiversity. 

LEVELS  OF  BIODIVERSITY 

Focusing  our  efforts  on  the  protection  and  restoration  of  biodiversity  will 
enable  scientists  to  address  the  management  of  wildlife  and  natural  resources  in 
the  broadest  possible  terms.  Based  on  the  existing  level  of  development,  the 
immediate  large-scale  restoration  of  pre-settlement  landscapes  appears 
unrealistic  or,  at  least,  impractical  (Noss  and  Harris,  1986).  Therefore,  protection 
and  restoration  of  pre-settlement  biodiversity  means  protection  and  restoration 
efforts  that  produce  habitats  that  function  sufficiently  like  pre-settlement 
landscapes  to  protect  the  remaining  pre-settlement  ecosystem,  species,  and 
genetic  diversity. 

Biodiversity  can  be  defined  as  the  variety  of  life  and  its  processes,  or  as  the 
variety  of  living  organisms,  their  genetic  differences,  and  the  communities  and 
ecosystems  of  which  they  are  a  part.  Biodiversity  can  be  evaluated  on  four  levels: 
genetic  diversity,  species  or  population  diversity,  ecosystem  diversity,  and 
landscape  diversity  (The  Keystone  Center,  1991).  (Although  genetic  diversity  is 
not  addressed  directly  in  this  paper,  the  author  recognizes  that  interrelationships 
exist  among  these  four  diversity  categories  (Soule,  1983).) 

Species  diversity  is  used  most  often  to  measure  biodiversity,  possibly  because 
species  diversity  is  easy  to  quantify.  The  State  Heritage  Program  (jointly 
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established  by  the  Indiana  Department  of  Natural  Resources  and  The  Nature 
Conservancy)  tracks  both  Federal  and  State  endangered  and  threatened  species. 
The  U.S.  Fish  and  Wildlife  Service  now  lists  approximately  640  species  as 
threatened  or  endangered  in  the  United  States,  and  approximately  2,1 18  species 
are  candidates  for  listing  (Szymanski,  pers.  comm.).  The  State  of  Indiana  lists 
100  threatened,  endangered,  or  special  concern  species  of  terrestrial  animals  and 
323  threatened  or  endangered  species  of  plants  (Indiana  Department  of  Natural 
Resources,  1990).  The  U.S.  Fish  and  Wildlife  Service,  through  the  Endangered 
Species  Act,  compiles  detailed  information  on  species  prior  to  listing  them  as 
threatened,  endangered,  or  candidate  species  and  prepares  recovery  plans  for 
species  once  they  are  listed.  Despite  this  focus,  biodiversity  protection  at  the 
species  level,  while  essential,  remains  expensive  and  uncertain. 

The  evaluation  of  wetland  loss  is  an  example  of  ecosystem-level  diversity 
analysis.  Significant  effort  has  gone  into  the  evaluation  of  wetland  resources  in 
Indiana.  These  analyses  document  the  human  impacts,  particularly  after  European 
settlement,  on  all  wetland  regions  and  all  wetland  types  in  the  Midwest.  Estimates 
of  the  extent  of  pre-settlement  wetlands  and  information  from  the  U.S.  Fish  and 
Wildlife  Service's  National  Wetland  Inventory  suggest  that  Indiana  has  lost 
approximately  1.4  million  ha  or  86%  of  its  pre-settlement  wetlands  (Indiana 
Department  of  Natural  Resources,  1989).  The  U.S.  Fish  and  Wildlife  Service 
compiled  the  following  wetland  loss  estimates  for  the  States  surrounding  Indiana: 
85%  in  Illinois,  90%  in  Ohio,  81%  in  Kentucky,  and  50%  in  Michigan  (Dahl, 
1990).  As  discussed  above,  wetlands  in  Indiana  and  the  Midwest  are  key 
components  of  both  the  pre-settlement  and  the  modern  landscape  and,  therefore, 
are  essential  to  the  maintenance  of  biodiversity  in  this  region.  However,  wetland 
protection  efforts,  as  an  example  of  ecosystem-level  protection,  have  also  proved 
to  be  expensive,  difficult  to  carry  out,  and  of  questionable  success. 

Forman  and  Godron  (1986)  define  a  landscape  as  a  number  of  interacting 
stands  or  ecosystems  repeated  in  similar  form  over  a  wide  area  (km2).  The  use  of 
landscape-scale  analysis  to  address  biodiversity  issues  follows  in  part  from  the 
movement  away  from  managing  for  alpha  or  species  diversity  on  specific 
protected  areas.  Increasingly,  scientists  are  pointing  out  that  managing  for  gamma 
or  landscape  diversity  is  the  best  means  of  preserving  biodiversity.  Naveh  (1994) 
states  that  gamma  diversity  "...  is  the  most  important  index  for  the  determination 
of  biodiversity  because  it  incorporates  both  [alpha  and  beta  (habitat)  diversity] 
measures  and  is  affected  by  the  ecological  heterogeneity  within  and  between 
different  habitats"  (see  Whitaker  (1965)  for  a  discussion  of  alpha,  beta,  and 
gamma  diversity).  Grumbine  (1990)  believes  that  broad  agreement  now  exists 
among  conservation  biologists  that  species-level  approaches  to  the  conservation 
of  biodiversity  must  be  augmented  by  landscape-level  approaches  that  account 
for  ecosystem-scale  patterns  and  processes.  Scott,  et  ah  (1988)  state  that 
managing  for  biodiversity  at  the  landscape  scale  using  Gap  Analysis  may  prove 
more  cost  effective  and  more  efficacious  than  the  single  species  approach  as  more 
species  become  threatened  and  endangered.  Their  viewpoint  defines  a 
fundamental  assumption  of  Gap  Analysis,  reflects  the  perceived  economies  of 
scale  to  be  gained  from  managing  at  higher  levels  of  biodiversity,  and  underlines 
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the  uncertainty  of  recovering  species  whose  populations  fall  below  a  certain 
minimum  number  of  individuals. 

LANDSCAPE  ANALYSIS/GAP  ANALYSIS 

Gap  Analysis  will  allow  the  identification  of  gaps  in  species'  representation 
(biodiversity)  in  areas  set  aside  for  the  long-term  maintenance  of  native  species 
and  natural  ecosystems  (Scott,  et  al.,  1987,  1988,  1993).  Gap  Analysis  includes 
the  processes  by  which  partnerships  are  developed,  geographic  data  sets  are 
constructed,  data  analysis  is  carried  out,  and  data  are  applied  to  actual  systems. 
Gap  Analysis  can  be  divided  into  three  phases:  the  1)  construction,  2)  analysis, 
and  3)  application  of  a  data  set.  Although  Gap  Analysis  projects  tend  to  proceed 
in  this  order,  the  phases  are  not  discreet.  In  Indiana,  analysis  and  application  for 
biodiversity  protection  and  restoration  will  occur  during  the  construction  phase 
using  interim  data;  this  approach  to  Gap  Analysis  is  termed  a  metaproject. 
Metaprojects  involve  the  application  of  Gap  Analysis  methods  or  data,  often 
sponsored  by  cooperating  organizations,  to  complete  the  Gap  Analysis  data  sets 
and  to  address  State  or  regional  problems  of  conservation  or  restoration. 
Beginning  with  the  Jefferson  Proving  Ground  Metaproject  in  1993  and  a  3-4  year 
statewide  project  in  1994,  Gap  Analysis  will  be  used  to  evaluate,  conserve,  and 
restore  terrestrial  biodiversity  in  Indiana.  (Aquatic  Gap  Analysis  has  just  begun 
as  a  pilot  project  in  one  State.) 

Gap  Analysis  can  be  applied  in  three  ways:  1)  continental-scale  analysis  of 
biodiversity  (the  narrow  construction  of  Gap  Analysis);  2)  intra-regional  analysis; 
and  3)  intra-State  analysis  to  address  a  variety  of  State-level  resource  issues. 
These  applications  define  the  specific  data  sets,  the  level  of  detail  that  will  be 
incorporated  into  the  geographic  information  system,  and  how  the  constructed 
data  sets  will  be  used.  Congressional  funding  for  Gap  Analysis  supports  only  each 
State's  contribution  toward  a  continental-scale  analysis  of  biodiversity.  Other 
applications  of  Gap  Analysis  must  be  funded  by  the  individual  States. 
Metaprojects  which  address  intra-regional  and  intra-State  issues  require  more 
data,  more  detail,  and  more  funding  than  has  been  allocated  to  Indiana  for  its 
contribution  to  the  continental-scale  analysis. 

The  U.S.  Fish  and  Wildlife  Service  is  carrying  out  this  work  in  cooperation 
with  three  principal  partners:  Indiana  State  University,  the  Indiana  University 
School  of  Public  and  Environmental  Affairs,  and  the  Indiana  Department  of 
Natural  Resources.  The  Indiana  Project  will  also  be  conducted  in  close 
cooperation  with  the  U.S.  Forest  Service,  the  Natural  Resources  Conservation 
Service,  the  U.S.  Geological  Survey,  and  a  number  of  other  organizations, 
including  non-government  environmental  organizations.  The  following  data  sets 
will  be  developed  for  submission  to  Utah  State  University  for  continental-scale 
Gap  Analysis: 

1.  Vegetation  Maps.  Maps  will  be  developed  using  1992  or  later  Thematic 
Mapper™  satellite  imagery  and  various  ancillary  data  sets  on  a  scale  of 
at  least  1:100,000.  A  100-ha  minimum  mapping  unit  (MMU)  will  be 
validated  in  the  State  of  Indiana  for  use  in  the  continental-scale  analysis 
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of  biodiversity.  For  the  intra-regional  and  intra-State  analyses,  data  will 
be  stored  for  30  m  x  30  m  plots  and  a  MMU  of  approximately  2  ha. 

2.  Terrestrial  Vertebrate  Distribution  Maps.  Maps  will  be  developed 
within  the  Indiana  Department  of  Natural  Resources' s  Advanced 
Revelation-Based  Indiana  Fish  and  Wildlife  Information  System  for  all 
539  terrestrial  vertebrate  species  in  Indiana.  Interfacing  these  data  with  a 
map  of  actual  vegetation  will  produce  current  distribution  maps  for 
virtually  all  terrestrial  vertebrate  species. 

3.  Managed  Areas  Database.  This  database  will  be  developed  using  the 
Indiana  Department  of  Natural  Resources' s  Managed  Areas  Database 
supplemented  with  information  from  the  U.S.  Forest  Service  and  other 
databases  containing  information  on  the  landholdings  of  Federal,  State, 
and  local  entities  (including  significant  private  land  management 
organizations).  Each  parcel  will  be  ranked  based  on  its  level  of  protection 
for  biodiversity. 

4.  Rare,  Threatened,  and  Endangered  Species  Database.  This  component 
of  the  Indiana  Project  will  be  based  on  the  Indiana  Heritage  Database  and 
will  incorporate  available  ancillary  data. 

5.  Wetlands  Database.  This  data  set  will  be  developed  from  the  U.S.  Fish 
and  Wildlife  Service's  National  Wetlands  Inventory  and  ancillary  data, 
including  satellite  imagery. 

Due  to  the  foresight  of  the  agencies  responsible  for  wildlife  management  in 
Indiana,  much  of  this  information  already  exists  in  digital  form  and  now  resides 
(although  not  in  final  form)  within  the  Indiana  Gap  Analysis  Database.  The  other 
databases  will  allow  a  more  detailed  analysis  of  biodiversity  or  will  prove  useful 
for  intra-State  or  intra-regional  analyses.  Additional  data  sets  might  include: 
pre-settlement  vegetation,  cultural  features  (roads,  railroads,  airports,  and  other 
types  of  infrastructure),  soils,  invertebrate  distribution  (butterflies  and,  possibly, 
aquatic  invertebrates),  socio-economic  data,  contaminants  data,  climatic  data,  and 
population  viability  data.  Some  of  these  data  sets  are  currently  under  development 
as  parts  of  various  metaprojects. 

Most  States  are  not  ready  to  apply  the  products  of  Gap  Analysis,  because  they 
are  still  in  the  construction  phase  of  the  project.  A  few  States,  mostly  in  the  West, 
that  started  Gap  Analysis  projects  in  the  late  1980s,  have  virtually  complete  data 
sets.  California,  Oregon,  Arizona,  and  Idaho  have  begun  to  use  Gap  Analysis  in 
a  variety  of  application  environments.  California,  for  example,  has  used  Gap 
Analysis  in  the  regulatory  arena  (see  McDonald  (1994)  for  a  discussion  of 
landscape-scale  planning  efforts  in  California).  Oregon,  Arizona,  and  Tennessee 
have  initiated  partnerships  to  use  Gap  Analysis  as  the  basis  for  broad  biodiversity 
protection  strategies  (Defenders  of  Wildlife,  1994).  In  Indiana,  the  metaproject 
approach  will  allow  the  early  application  of  Gap  Analysis. 

INDIANA  GAP  ANALYSIS  METAPROJECTS 

Houghton  (1994)  asserts  that  approximately  32%  of  the  surface  of  the  earth 
is  actively  managed  as  either  cropland  or  pasture.  In  Indiana,  nearly  80%  of  the 
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non-Federal  land  (non-Federal  land  represents  about  98%  of  the  total  available) 
is  used  either  as  cropland  and  pasture  or  has  been  developed.  In  Ohio,  the  acreage 
in  cropland,  pasture,  and  developed  land  accounts  for  nearly  70%  of  the 
non-Federal  land  (non-Federal  land  represents  about  99%  of  the  total  available); 
and  in  Illinois,  nearly  88%  of  the  non-Federal  land  (non-Federal  land  represents 
about  99%  of  the  total  available)  is  so  used.  The  figures  for  Kentucky  and 
Michigan  are  approximately  54%  and  46%,  respectively  (U.S.  Bureau  of  Census, 
1993).  Modification  of  the  landscape  on  this  scale  has  resulted  in  several  unique 
obstacles  to  retaining  biodiversity:  1)  a  human-dominated  landscape  characterized 
by  large  human  populations;  2)  habitat  fragmentation  and  pollution  (Steadman, 
1991);  and  3)  isolated  populations  with  many  species  depauperate  in  genetic 
diversity  (Soule  and  Wilcox,  1980). 

In  Indiana,  Gap  Analysis  will  focus  on  cooperative  efforts  with  partners  who 
will  "jump-start"  the  application  of  Gap  Analysis,  who  will  serve  as  partners  in 
pilot  projects  to  evaluate  methodology  and  data,  who  will  help  solidify 
partnerships  within  and  without  the  Indiana  conservation  community,  and  who 
will  produce  products  useful  in  the  conservation  of  natural  resources. 
Opportunities  for  the  application  of  Gap  Analysis  will  increase  as  data  become 
more  complete  and  as  new  data  sets  are  incorporated  into  the  database.  The 
following  metaprojects  are  representative  of  the  range  of  projects  currently 
underway  as  part  of  the  Indiana  Gap  Analysis  effort. 

The  Bioreserve  Metaproject  is  a  cooperative  effort  with  The  Nature 
Conservancy  to  provide  a  landscape  analysis  of  two  of  The  Nature 
Conservancy's  "Hoosier  Landscapes"  last  great  places.  Both  the  Blue  River 
Project  in  southern  Indiana  and  the  Pigeon  River  Project  in  northeastern  Indiana 
will  protect  important  wetland  habitat.  The  Pigeon  River  area  also  contains  some 
of  the  finest  remaining  fen  wetland  in  the  State  and  possibly  in  the  Midwest 
(Shuey,  pers.  comm.).  Both  areas  have  been  preliminarily  identified  by  The 
Nature  Conservancy  as  important  for  preserving  biodiversity  in  Indiana.  The  U.S. 
Fish  and  Wildlife  Service  will  provide  data  for  this  metaproject  to  help  The  Nature 
Conservancy  evaluate  its  assumption  and  to  enable  its  land  managers  to  approach 
management  on  a  landscape  scale.  Data  sets  were  under  development  for  both 
projects  at  time  of  revision,  and  some  pilot  analysis  is  underway  for  the  Blue 
River  area. 

A  second  metaproject  is  the  application  of  a  landscape  approach  to  the  U.S. 
Fish  and  Wildlife  Service's  Partners  for  Wildlife  wetland  restoration  program. 
The  study  area  for  this  metaproject  encompasses  most  of  the  Eel  River  watershed 
in  north-central  Indiana.  The  goal  of  this  pilot  project  is  to  identify  restorable, 
drained  wetlands  on  the  watershed  scale  using  a  combination  of  satellite  imagery 
and  ancillary  data.  This  approach  should  improve  the  efficiency  and  effectiveness 
of  wetland  restoration.  Preliminary  results  suggest  that  the  evaluation  of  satellite 
images  in  conjunction  with  ancillary  data  can  help  identify  poorly  to  very  poorly 
drained  sites  on  a  landscape  scale.  In  addition,  these  data  can  be  analyzed  relative 
to  important  habitat  features  (e.g.,  existing  wetlands,  forest  fragments,  roads,  or 
streams  (Mausel,  et  al,  1995)). 

A  metaproject  designed  to  apply  the  Indiana  Gap  Analysis  methodology  and 
data  to  the  pervasive  problem  of  environmental  contaminants  in  Indiana  has  also 
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been  initiated.  The  location  of  contaminants  in  the  physical  environment  is  being 
plotted  and  their  movement  both  laterally  and  vertically  through  the  food  chain 
in  several  streams  in  parts  of  five  Indiana  Counties  is  being  modeled.  Gap 
Analysis  may  prove  to  be  particularly  useful  when  dealing  with  contaminants. 

Because  of  the  importance  of  wetlands  within  the  Indiana  landscape,  many 
of  the  initial  Gap  Analysis  metaprojects  have  a  wetlands  component.  Conversely, 
these  metaprojects  will  allow  researchers  to  evaluate  the  usefulness  of  the  Gap 
Analysis  methodology  in  contributing  to  landscape-scale  protection  and 
restoration. 

PROTECTION  AND  RESTORATION  FRAMEWORK 

The  goals  of  the  Indiana  Biodiversity  Protection  and  Restoration  Framework 
will  be  dynamic  but  should  include  at  least  a  development  process,  a  protection 
and  restoration  strategy,  and  a  method  for  strategy  implementation. 

Development  Process.  The  Indiana  Framework  has  begun  to  address  the 
challenges  of  a  landscape-scale  protection  and  restoration  project  by  establishing 
partnerships  with  the  principal  natural  resource  agencies  and  non-government 
environmental  organizations  in  Indiana.  Many  organizations  are  currently 
involved  in  the  planning  efforts,  not  to  mention  actual  implementation  projects, 
that  have  the  potential  to  affect  biodiversity. 

The  North  American  Waterfowl  Management  Plan  is  a  multi-national  effort 
to  restore  waterfowl  and  wetlands  in  North  America.  The  U.S.  Fish  and  Wildlife 
Service  has  created  a  Regional  Wetlands  Concept  Plan  and  is  currently  embarked 
upon  a  nationwide  ecosystem  management  program.  At  the  State  level,  the 
Environmental  Law  Institute  has  launched  a  project  entitled  Protecting 
Biological  Diversity  in  Indiana.  The  Natural  Resources  Conservation  Service 
has  taken  the  lead  in  a  multi-agency  watershed  planning  project,  and  the 
Indiana  Department  of  Natural  Resources  has  initiated  The  Indiana  Wetlands 
Conservation  Plan.  Non-government  organizations  have  also  established  plans 
that  involve  biodiversity;  e.g.,  the  1994-1998  Strategic  Plan  of  the  Hoosier 
Environmental  Council  and  the  biodiversity  metaprojects  under  the  direction  of 
The  Nature  Conservancy  (see  above). 

Although  several  informal,  cooperative  efforts  to  develop  and  test  strategies 
for  landscape  protection  and  restoration  have  been  started,  no  State  agency  or 
other  body  has  yet  to  assume  explicit  responsibility  for  biodiversity  protection 
and  restoration  in  Indiana.  However  such  a  group  might  be  constituted,  the  work 
of  protecting  biodiversity  should  embrace  input  from  a  variety  of  disciplines.  Data 
from  the  Gap  Analysis  project  as  well  as  from  other  sources  can  contribute  to  a 
multi-organization  forum  with  the  mission  of  developing  a  comprehensive 
biodiversity  strategy. 

Protection  and  Restoration  Strategy.  The  theoretical  basis  of  the  Indiana 
Biodiversity  Protection  and  Restoration  Framework  is  too  complex  to  explain  in 
a  single,  short  paper.  Some  components  of  the  Indiana  Framework  remain  in  the 
earliest  stages  of  development  at  the  U.S.  Fish  and  Wildlife  Service  and 
presumably  at  other  organizations  as  well.  Nevertheless,  some  basic  tenets  exist 
that  will  work  within  a  State-  or  regional-scale  strategy  to  preserve  and  restore 
pre-settlement  biodiversity.  Selman  and  Doar  (1992)  have  divided  the  key 
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principles  of  landscape  ecology  into  structural,  functional,  and  temporal  principles. 
With  respect  to  the  Indiana  landscape,  these  principles  may  be  summarized  as 
follows: 

1 .  Structural.  The  structural  attributes  of  landscapes  suggest  that  they  vary 
with  respect  to  the  type  and  juxtaposition  of  patches,  corridors,  and  matrix 
and,  therefore,  that  they  will  also  vary  functionally  with  respect  to  species, 
energy,  and  material  fluxes.  Anthropomorphically  enhanced  landscape 
heterogeneity  has  apparently  increased  habitat  for  edge  species  but  has 
decreased  suitable  habitat  for  interior  species. 

2.  Functional.  The  continuous  expansion  and  contraction  of  species  among 
landscape  elements  significantly  affects  and  is  affected  by  landscape 
structure.  Disturbance  to  the  landscape  produces  an  increase  in  the  rate  of 
inorganic  nutrient  redistribution,  which  is  related  to  the  intensity  of  the 
disturbance.  Biomass  and  energy  transfer  across  landscape  boundaries 
(patch,  corridor,  or  matrix)  increases  with  landscape  heterogeneity. 

3.  Temporal.  Undisturbed  landscapes  move  toward  homogeneity  in  the 
horizontal  plane  (geographically  across  land)  and  become  higher  and 
more  heterogeneous  in  the  vertical  plane  (structurally  and  in  species 
richness). 

Conservation  biologists  have  outlined  some  basic  principles  for  the  preservation 
of  biodiversity  (Grumbine,  1990),  including  1)  the  necessity  of  large  nature 
reserves  to  preserve  biodiversity,  2)  the  need  for  extensive  interconnections 
among  the  large  reserves,  and  3)  the  importance  of  natural  processes  including 
disturbance  in  preserving  biodiversity.  Noss  (1983)  believes  an  ideal  scenario 
would  result  in  the  preservation  of  whole  ecosystems  with  all  their  indigenous 
genetic  diversity.  He  believes  that  this  would  require  an  opportunistic  approach 
to  acquiring  both  large  and  small  reserves.  In  addition  to  simple  acquisition, 
species,  ecosystem,  and  landscape  restoration  must  also  ensure  the  long-term 
protection  of  the  remaining  pre-settlement  biodiversity  in  the  Midwest.  From  a 
practical  standpoint,  however,  human  beings  and  their  products  will  comprise  an 
important  component  in  any  protection  and  restoration  strategy. 

Strategy  Implementation.  Developing  the  tools  to  evaluate  biodiversity  and 
a  strategy  to  protect  and  restore  biodiversity  may  take  several  years. 
Implementation  of  a  strategy  resulting  from  that  work  will  require  decades  and 
will  undoubtedly  require  cooperation  among  a  broad  cross  section  of  society. 
Nevertheless,  even  at  this  stage  of  the  project,  numerous  opportunities  exist  to 
begin  protecting  and  restoring  biodiversity.  The  Wetland  Reserve  Program,  the 
Conservation  Reserve  Program,  the  wetland  and  prairie  restoration  efforts  of  the 
U.S.  Fish  and  Wildlife  Service  and  others,  State  and  Federal  natural  resource 
acquisition  projects  like  the  North  American  Waterfowl  Management  Plan,  and 
other  existing  programs  are  having  positive  impacts  right  now.  A  possible 
by-product  of  the  Indiana  Gap  Analysis  project  may  be  better  coordination  among 
these  programs. 
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CONCLUSIONS 

The  natural  landscape  continues  to  change  rapidly  under  the  influence  of  human 
development.  Biodiversity  measured  at  both  the  species  and  ecosystem  levels  reflects 
a  precipitous  decline  in  numbers  over  the  last  200  years.  Biodiversity  at  the  genetic, 
species,  ecosystem,  and  landscape  levels  has  a  particularly  strong  association  with 
wetlands  in  the  Midwest.  Most  existing  efforts  to  protect  wildlife,  wetlands,  or  even 
the  natural  environment  lack  sufficient  breadth  to  protect  and  restore  the  remaining 
pre-settlement  biodiversity. 

The  development  of  a  guiding  and  coordinating  landscape-scale  framework 
may  provide  the  scope  needed  for  biodiversity  protection.  Furthermore,  evidence 
suggests  that  approaching  the  protection  and  restoration  of  biodiversity  at  the 
landscape  scale  may  prove  more  efficient  (i.e.,  cost  effective)  and  efficacious  than 
other  existing  approaches.  Gap  Analysis  should  comprise  an  integral  part  in 
developing  the  requisite  data  to  formulate  the  Indiana  Biodiversity  Protection 
and  Restoration  Framework. 

The  application  of  landscape-scale  analyses  to  wildlife  management 
questions  has  enormous  biological  and  social  implications.  Significant  changes 
might  have  to  be  made  in  the  way  resource  agencies  approach  their  missions. 
Organizations  not  currently  concerned  with  biodiversity  might  be  affected. 
Ultimately,  the  successful  implementation  of  a  biodiversity  protection  and 
restoration  framework  will  depend  on  society's  recognition  of  the  importance  of 
biodiversity  and  the  will  of  the  people  to  affect  change. 
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Abstract:  The  development  of  Tamarack  Bog,  Noble  County,  Indiana,  began  in  a 
clay-lined  kettle  depression  associated  with  an  historic  lake.  The  stratigraphy  of  the 
sediments  suggests  that  development  of  the  peatland  plant  community  was  not  a  result 
of  the  recent  drainage  (circa  1 850)  of  the  lake  as  was  previously  thought;  rather,  peatland 
formation  was  a  natural  process  initiated  after  Wisconsin  glaciation.  Based  on  subfossil 
remains,  analysis  of  tree  growth  rings,  reports  of  early  20th-century  botanists,  and  present 
vegetation,  the  drainages  accelerated  the  senescence  of  the  bog  community,  resulting  in 
a  transition  from  an  open  Sphagnum  bog  with  stunted  tamarack,  to  a  tamarack  forest,  and 
finally,  to  a  red  maple  swamp.  The  remnant  bog  community  is  situated  over  the  deepest 
subbasin  in  the  bog  due  to  inundation  and  high  acidity  caused  by  variable  subsidence  of 
the  peat.  The  forest  canopy  limits  growth  of  the  heliophilic  bog  plants  by  shading.  A 
restoration  attempt  has  been  initiated. 

KEYWORDS:  Amoebae,  bog,  chrysophyte,  fen,  Larix,  paleoecology,  peatland,  restoration, 
Sphagnum,  subfossil. 

INTRODUCTION 

Thirty  percent  of  the  original  16,307,851  ha  of  wetlands  in  the  United  States 
has  been  lost  as  a  result  of  anthropogenic  disturbance  (Dahl,  1990).  Most  of  these 
losses  were  caused  by  drainage.  In  the  Midwest,  such  drainage  was  often 
conducted  to  yield  fertile  land  for  agriculture.  Indiana,  having  lost  87%  of  its 
original  wetland  coverage,  ranks  forty-sixth  in  the  nation  for  remaining  wetlands 
(Dahl,  1990).  A  significant  portion  of  the  wetland  lost  was  peatland.  Although 
most  of  the  peatlands  in  the  United  States  occur  in  the  Northeast  and  in  the 
northern  Lake  States,  data  compiled  from  U.S.  Department  of  Agriculture  soil 
surveys  show  that  Indiana  once  harbored  over  62,000  ha  of  peatland; 
approximately  66%,  or  41,000  ha,  has  been  drained  (Swinehart,  in  prep).  The 
majority  of  Indiana's  remaining  peatlands  are  small,  isolated  relics  from 
earlier  times  when  natural  and  anthropological  factors  were  more 
favorable  to  their  establishment  and  development. 

The  loss  of  a  large  portion  of  Indiana' s  natural  peatland  communities  coupled 
with  the  rapid  senescence  and  destruction  of  the  remainder  demands  that  their 
unique  ecology  be  recorded  before  the  existing  representatives  vanish.  A  study 
of  these  communities  in  Indiana  may  help  characterize  their  late  successional 
stages,  because  these  wetlands  have  been  exposed  from  glaciation  longer  than  the 


Present  address:  Department  of  Forestry  and  Natural  Resources,  Purdue  University,  West  Lafayette. 
Indiana  47907. 


226  A.L.  Swinehart  and  G.D.  Starks  Vol.  103  (1994) 


peatlands  of  the  far  north.  Their  occurrence  at  the  southern  boundary  of  the  range 
of  the  northern  bog  community  results  in  unique  floral  communities  with  mixed 
geographic  affinity  (Crow,  1^69;  Swinehart,  1994).  Despite  the  need  for  detailed 
research,  only  a  limited  number  of  studies  have  been  conducted  on  the  ecology 
of  Indiana's  peatlands  (see  Markle,  1916;  Potzger,  1934;  Hull,  1937;  Wilcox, 
1982,  1988;  Wilcox,  et  aL,  1986;  Swinehart,  1994,  1995a).  New  or  additional 
records  of  the  pre-settlement  and  current  ecology  of  Indiana  peatlands  as  well  as 
documentation  of  the  effects  of  human  disturbance  on  these  communities  may 
facilitate  conservation  and  restoration  strategies. 

The  present  study  documents  the  natural  history  and  ecological  development 
of  Tamarack  Bog,  a  drainage-induced  senescent  Sphagnum  bog  located  in 
northern  Indiana.  The  objectives  for  the  present  paper  are  to:  1)  determine  the 
factors  that  favored  the  formation  of  the  bog;  2)  reconstruct  its  development  from 
the  time  of  glacial  retreat  to  the  present;  3)  describe  the  effects  of  drainage  on  the 
ecosystem;  and  4)  outline  methods  to  restore  a  small  portion  of  the  community 
to  its  pre-drainage  condition. 

STUDY  AREA 

Tamarack  Bog  (Section  7,  Noble  Township,  Noble  County,  Indiana)  occurs 
within  the  boundaries  of  the  Merry  Lea  Environmental  Center,  a  600  ha  nature 
preserve  owned  and  operated  by  Goshen  College.  This  location  (Figure  1)  is 
within  a  physiographic  unit  called  the  Northern  Moraine  and  Lake  Region 
(Schneider,  1966).  Most  of  the  lakes  and  water-filled  depressions  in  the  area  are 
kettles  that  were  created  at  the  interstice  of  the  Saginaw  and  Erie  Lobes  of  Late 
Wisconsin  glaciation. 

The  study  area  was  first  mapped  by  the  United  States  General  Land  Office 
in  1829.  The  bog  itself  was  first  noted  by  Dryer  (1901).  Alton  A.  Lindsey 
conducted  the  first  survey  of  the  conspicuous  vegetation  in  1972  (unpubl.  field 
notes). 

Gradual  invasion  of  the  bog  by  shade-tolerant  trees,  primarily  Acer  rubrum, 
Acer  saccharinum,  and  Quercus  palustris,  has  confined  the  remnant  bog  species 
to  a  small  wet  depression  (10,500  m2)  near  the  center  of  the  wetland  basin 
(375,000  m2).  The  only  evidence  of  the  previous  Larix  laricina  forest  is  the 
remains  of  hundreds  of  dead  trees. 

The  entire  system  is  surrounded  by  topographically  high  glacial  features 
(Figure  1).  Its  western  border  is  an  extensive  esker;  its  northern,  a  pitted 
esker-delta;  and  its  eastern,  a  gravel  ridge  (Dryer,  1901).  The  north  shore  of  High 
Lake  forms  the  southern  boundary  of  the  wetland.  Several  other  peatlands, 
associated  with  the  complex  glacial  topography,  occur  in  the  immediate  vicinity 
(Swinehart,  1994). 

MATERIALS  AND  METHODS 

Vegetation.  Frequency  and  cover  percentages  for  the  vegetation  were 
obtained  using  systematically  placed  quadrats.  Importance  values  (I.V.)  were 
calculated  by  summing  the  relative  frequency  and  relative  cover  for  each  species 
and  dividing  by  two.  The  primary  sampling  area  was  defined  as  the  area 
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Figure  1 .  A  map  of  the  study  area  showing  the  extent  of  Old  Bear  Lake,  the  current 
lakes,  and  the  locations  of  Tamarack  and  Lost  Bogs. 

containing  conspicuous  remains  of  Larix  laricina.  This  definition  seemed  to  best 
represent  the  remnant  bog  community.  The  vegetation  was  also  sampled  outside 
of  the  boggy  portion.  A  baseline  was  established  in  a  west-east  orientation  across 
the  center  of  the  entire  wetland  basin.  Within  the  primary  sampling  area,  transects 
were  established  perpendicular  to  the  baseline  at  20  m  intervals.  Quadrats  were 
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placed  at  15  m  intervals  along  each  transect.  Herbaceous  and  ground  layer  species 
were  sampled  using  1  m2  quadrats;  shrubs  were  sampled  using  100  m2  quadrats. 
Thirty-nine  quadrats  were  sampled  in  the  primary  sampling  area,  and  28  quadrats 
were  sampled  in  the  surrounding  wetland.  The  vegetation  was  stratified  on  the 
basis  of  height.  Plants  over  3  m  comprised  the  tree  layer,  plants  between  1  and  3 
m  comprised  the  shrub  layer,  plants  less  than  1  m  comprised  the  herbaceous  layer, 
and  plants  forming  the  substrate  or  those  directly  associated  with  it  comprised  the 
ground  layer. 

Frequency  of  "bog  plant"  species  (Figure  3)  was  calculated  from  three 
transects  that  extended  across  the  entire  wetland.  Bog  plants  were  defined  as  those 
species  which  occurred  in  the  boggy  portion  of  the  wetland  (Table  2). 

Voucher  specimens  of  the  vascular  plants  are  held  by  the  herbarium  at  Central 
Michigan  University  (CMC)  and  in  the  private  herbarium  of  A.L.  Swinehart. 
Bryophytes  are  held  by  A.L.  Swinehart  and  the  University  of  Michigan 
Herbarium  (MICH). 

Microorganisms.  Randomly  selected  pools  of  standing  water  in  the  bog  were 
sampled  for  microorganisms.  Samples  were  taken  to  the  laboratory  immediately 
after  collection,  where  the  microorganisms  were  recorded  on  videocassette  for 
identification.  A  portion  of  each  sample  was  fixed  with  Acid  Lugol's  solution. 
These  samples  were  prepared  for  Transmission  Electron  Microscopy  (TEM)  of 
the  silica-scaled  chrysophytes.  TEM  analysis  and  micrography  were  conducted 
by  the  primary  author. 

Basin  Morphometry  and  Stratigraphy.  A  metal  probe  was  used  to 
determine  the  depth  of  the  sediments  along  several  transects  covering  the  entire 
wetland  basin.  Probing  sites  were  systematically  spaced  at  20  m  intervals  along 
each  transect.  An  auger  tip  at  the  end  of  the  probe  was  used  to  collect  samples  of 
the  hardpan.  A  Hiller  core-sampler  was  used  to  collect  peat  samples  at  50  cm 
intervals  in  the  deepest  subbasin  of  the  peatland.  Peat  samples  were  refrigerated 
between  collection  and  analysis  to  limit  decomposition.  Samples  were  washed 
through  a  0.5  mm  screen,  and  the  subfossils  were  sorted  and  identified.  Voucher 
specimens  are  held  by  the  primary  author. 

Water.  Water  samples  collected  from  pools  of  standing  water  occurring 
along  the  baseline  were  tested  for  pH  and  conductivity  using  a  Cole-Parmer  digital 
pH  meter  and  a  YSI  Model  33  conductivity  meter. 

RESULTS  AND  DISCUSSION 

History.  Tamarack  Bog  was  thought  to  have  originated  on  acidic  sediments 
exposed  by  the  drainage  of  a  lake  (Larry  R.  Yoder,  pers.  comm.).  An  unpublished 
map,  drawn  in  1972  by  Alton  A.  Lindsey,  showed  the  outline  of  a  400  ha  lake 
which  covered  what  is  currently  Tamarack  Bog.  The  outline  was  based  on  the 
original  U.S.  General  Land  Office  map  of  Bear  Lake  from  1 829  (hereafter  referred 
to  as  Old  Bear  Lake).  Careful  study  of  the  contour  intervals  drawn  from  recent 
airphotos  suggests  that  the  original  lake  occurred  farther  south  than  Lindsey  had 
placed  it.  A  revised  map  of  the  lake  (Figure  1)  indicates  that  Tamarack  Bog  was 
not  covered  by  open  water  at  the  time  of  drainage  (circa  1850);  rather,  the  bog 
was  probably  a  semi-buoyant  mat  of  bog  vegetation  occupying  a  bay  on  Old  Bear 
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Lake  prior  to  its  drainage.  This  interpretation  is  supported  by  the  paleoecological 
data  discussed  below. 

Basin  Morphometry  and  Hardpan  Composition.  The  deepest  subbasin  in 
the  peatland  has  a  depth  of  10  m.  This  deep  portion  is  surrounded  by  a  broad, 
shallow  rim  and  is  connected  to  the  High  Lake  basin  by  a  deep,  narrow  trough 
(Figure  2).  The  entire  wetland  basin  is  lined  with  clay  which  limits  circulation 
between  the  basin  and  the  mineral-rich  groundwater  (Dansereau  and 
Segadas-Vianna,  1955).  Poor  drainage  coupled  with  small  size,  shelter  from  wind 
erosion,  and  wind/wave  induced  mixing  (provided  by  the  surrounding 
physiography)  contributed  to  peatland  formation  by  reducing  the  availability  of 
oxygen  and  nutrients. 

Paleoecology.  Sediments  between  the  depths  of  2.5  and  8.5  m  from  the 
surface  contained  variable  amounts  of  marl  (complexed  with  organic  material), 
aquatic  plant  remains  (primarily  Najas  flexilis  and  sedges),  mollusk 
shell-fragments,  and  the  spicules  of  freshwater  sponges  (Anheteromeyenia  spp.). 
The  composition  and  thickness  of  this  assemblage  suggests  that  open  water 
persisted  in  the  basin  for  thousands  of  years.  At  depths  between  5.5  and  2.5  m 
from  the  surface,  brown  mosses  (family  Amblystegiaceae)  dominate  the  subfossil 
assemblage.  Calliergon  trifarium  was  the  dominant  peat-forming  moss,  and 
Meesia  triquetra  was  an  uncommon  associate  (Swinehart,  1995b).  Both  are 
boreal  relics  indicative  of  mineral-rich  peatlands  (Howard  A.  Crum,  pers. 
comm.).  The  abundance  of  these  calciphilic  mosses  suggests  that  a  mineral-rich 
peatland  was  associated  with  the  basin.  Their  occurrence  within  marl,  along  with 
the  presence  of  sedge  remains,  suggests  open-water  surrounded  by  a  marginal 
mat  of  peat-forming  vegetation.  Such  a  mat  has  already  reformed,  since  the 
drainage,  on  the  west  side  of  High  Lake.  Detritus  from  the  peatland  margin 
probably  washed  into  the  deeper  parts  of  the  open-water  basin  and  mixed  with 
the  marl  that  resulted  from  planktonic  photosynthesis. 

Two  major  changes  in  the  peatland  are  indicated  by  changes  in  the  sediments 
starting  at  a  depth  of  2.5  m.  First,  the  establishment  and  eventual  dominance  of 
Sphagnum  starts  at  this  level.  Second,  the  marl  disappeared  from  the  sediments. 
These  two  changes  suggest  the  closure  of  open  water  which  probably  facilitated 
Sphagnum  establishment  by  reducing  circulation  with  mineral-rich  lake  waters. 
Initially,  Sphagnum  peat  and  Calliergon  peat  were  deposited  simultaneously,  as 
conditions  were  favorable  for  the  two  species  only  in  localized  microhabitats 
(mineral-poor  and  mineral-rich,  respectively).  However,  peats  between  the 
surface  of  the  bog  and  a  depth  of  0.5  m  mark  the  disappearance  of  the  brown 
mosses  and  are  composed  almost  entirely  of  Sphagnum. 

The  stratigraphy  and  composition  of  the  sediments  in  Tamarack  Bog  imply 
a  gradual  development  from  open-water  lake  conditions,  to  a  marginal  mat  of 
sedges  and  fen  mosses,  to  closure  of  open-water,  and,  finally,  to  the  development 
of  a  Sphagnum  bog  community.  Contrary  to  previous  hypotheses,  the  bog 
community  was  not  created  recently  on  acid  sediments  following  drainage. 
Rather,  drainage  simply  accelerated  the  senescence  of  a  wetland  that  had  been 
developing  since  the  recession  of  the  Wisconsin  glacier. 

Drainage.  The  exact  time  of  the  first  drainage  of  Old  Bear  Lake  is  not  known, 
but  estimates  place  it  circa  1850.  This  initial  drainage  left  three  smaller  lakes 


230 


A.L.  Swinehart  and  G.D.  Starks 


Vol.  103  (1994) 


W 


PITTED  ESKER-DELTA 


Depth  in  Meters. 
Contour  Interval 
equals  2  m. 


Figure  2.  A  map  of  Tamarack  Bog  showing  its  depth  contours  and  the  surrounding 
glacial  features. 

(Dryer,  1901):  Bear  Lake  (190  ha),  High  Lake  (136  ha),  and  Greater  Cub  Lake 
(~  20  ha).  A  second  drainage  occurred  in  the  fall  of  1899  (Blatchley  and  Ashley, 
1901),  reducing  the  lakes  to  their  current  size  (Figure  2):  56  ha,  45  ha,  and  5  ha 
(with  Little  Cub  Lake  at  ~  1  ha),  respectively.  The  drainages  were  implemented 
to  provide  tillable  land  for  farming.  However,  the  poorly-drained,  acidic  peats 
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Table  1.  The  dominant  vegetation  of  Lost  Bog. 

Acer  rubrum  red  maple 

Acer  negundo  box  elder 

Ambrosia  trifida  giant  ragweed 

Carex  spp.  sedges 

Cornus  stolonifera  red-osier  dogwood 

Crataegus  sp.  hawthorn 

Fraxinus  pennsylvanica  green  ash 

Impatiens  capensis  spotted  jewelweed 
Parthenocissus  quinquefolia      Virginia  creeper 

Phalaris  arundinacea  reed  canary  grass 

Prunus  serotina  wild  black  cherry 

Populus  tremuloides  quaking  aspen 

Rhus  typhina  staghorn  sumac 

Rosa  multiflora  multifloral  rose 

Salix  sp.  willow 

Solidago  spp.  goldenrods 

Spiraea  sp.  meadowsweet 

Ulmus  americana  American  elm 

Urtica  procera  tall  nettle 

Vitis  riparia  river  grape 

provided  by  the  drainage  were  suitable  for  only  a  few  crops  (potatoes,  onions, 
and  peppermint).  Some  of  the  peripheral  mucks  were  suitable  for  corn,  soybeans, 
wheat,  and  alfalfa. 

Before  the  second  drainage  was  conducted,  Dryer  (1901)  noted  the  presence 
of  two  "tamarack  swamps":  Tamarack  Bog  north  of  High  Lake  and  Lost  Bog  on 
the  northwest  end  of  Bear  Lake  (Figure  1).  Tamarack  Bog  has  experienced  little 
disturbance  in  the  form  of  cutting;  however,  a  drainage  ditch  was  excavated 
within  the  wetland  in  the  late  1930s  (Phil  Goodrich,  pers.  comm.).  Since  little 
other  disturbance  has  occurred,  the  effects  of  overall  drainage  on  the  bog  could 
be  studied.  Lost  Bog  was  also  ditched,  and,  in  addition,  the  forest  was  completely 
removed  by  humans.  The  flora  of  Lost  Bog  is  now  typical  of  the  flora  of  disturbed 
wetlands  (Table  1). 

Effects  of  Drainage.  Effects  of  drainage  on  the  ecology  of  Tamarack  Bog 
are  represented  in  the  annual  growth  rings  of  the  necrose  tamarack  trees. 
Cross-sections  taken  at  the  estimated  breast  height  of  trees  buried  in  the  peat 
(representing  the  oldest  trees)  exhibit  clear  changes  in  their  annual  growth  rings. 
An  abrupt  change  from  narrow  rings  (mean  2  cm  radius  =  50  years)  to  wider 
increments  (mean  2  cm  radius  =16  years)  indicate  a  drastic  and  immediate 
response  to  drainage.  Fallen  tamarack  of  moderate  condition  (representing 
middle-aged  remains)  show  wide,  evenly  spaced  growth  rings  throughout  (mean 
2  cm  radius  =  7  years).  Standing  dead  trees  with  attached  bark  (representing  recent 
trees)  show  wide,  evenly  spaced  rings  followed  by  gradually  narrower  rings 
(mean  2  cm  radius  =  22  years)  just  before  death.  Currently,  only  three  tamaracks 
survive  in  the  bog. 

Since  Tamarack  and  Lost  Bogs  both  occurred  in  secluded  bays  on  Old  Bear 
Lake,  drainage  should  have  had  similar  effects  on  both  ecosystems.  No  tamarack 
remains  occur  in  Lost  Bog.  However,  log  cabins  built  from  tamarack  taken  from 
the  bog  (circa  1917)  exist  near  Bear  Lake,  and  cross  sections  of  their  logs  were 
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Figure  3.  Depth,  pH,  and  bog  plant  frequency  along  a  west-east  transect  bisecting 
the  basin  of  Tamarack  Bog. 

obtained.  Sections  taken  from  the  butt-end  of  the  logs  showed  identical 
ring-sequences  to  those  of  the  oldest  trees  in  Tamarack  Bog.  The  point  at  which 
the  growth  rings  changed  from  highly  condensed  rings  to  more  widely  spaced 
rings  averaged  20  years  prior  to  the  cutting  of  the  tree.  This  transition  coincides 
with  the  second  and  likely  most  destructive  drainage  of  the  watershed  in  1899. 
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Table  2.  The  percent  frequency,  percent  cover,  and  importance  values  (I.V.)  for 
the  vegetation  in  Tamarack  Bog. 


Layer/Species                   Frequency  (%) 

Cover  (%) 

I.V. 

Shrub  Layer 

Vacciniwn  corymbosum 

21 

5 

4 

Ilex  verticillata 

16 

3 

3 

Lindera  benzoin 

13 

2 

2 

Aronia  melanocarpa 

11 

1 

1 

Prunus  serotina 

11 

1 

1 

Toxicodendron  vernix 

5 

<1 

<1 

Acer  spp. 

3 

1 

<1 

Amelanchier  laevis 

- 

- 

- 

Nemopanthus  mucronatus 

- 

- 

- 

Herbaceous  Layer 

Maianthemum  canadense 

97 

24 

20 

Trientalis  bo  real  is 

89 

7 

9 

Osmunda  cinnamomea 

73 

6 

8 

Acer  spp. 

86 

3 

7 

Rubus  hispidus 

56 

6 

7 

Dryopterus  spinulosa 

27 

2 

Prunus  serotina 

22 

2 

Rubus  allegheniensis 

16 

Parthenocissus  quinquefolia 

13 

Quercus  palustris 

13 

Vaccinium  corymbosum 

11 

Lindera  benzoin 

11 

Ilex  verticillata 

8 

<  1 

<  1 

Bidens  sp. 

5 

<  1 

<  1 

Aronia  melanocarpa 

3 

<  1 

<  1 

Cypripedium  acaule 

- 

- 

- 

Lycopodium  lucidulum 

- 

- 

- 

Lycopodium  obscurum 

- 

- 

- 

Ground  Layer 

Pallavicinia  lyellii 

76 

5 

7 

Tetraphis  pellucida 

30 

2 

3 

Aulacomnium  palustre 

40 

1 

3 

Lophcolia  heterophylla 

27 

<  1 

2 

Callicladium  haldanianum 

24 

1 

2 

Sphagnum  recurvum  var.  tenue 

3 

2 

1 

Mnium  cuspidatum 

13 

<  1 

1 

Plagiothecium  denticulatum 

13 

<  1 

1 

Rhynchostegium  serrulatum 

5 

1 

<  1 

Thuidium  delicatulum 

5 

<  1 

<  1 

Sphagnum  palustre 

2 

<  1 

<   1 
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Drainage  of  the  bogs  resulted  in  an  increased  availability  of  oxygen  and 
nutrients  that  caused  the  increased  growth  of  the  tamarack,  especially  after  the 
second  drainage.  Following  the  drainage  of  Tamarack  Bog,  the  forest  continued 
to  grow  until  competition  for  light  with  newly  established  competitors  (primarily 
Acer  rubrum  due  to  the  improved  soil  conditions)  stifled  growth  and  eliminated 
all  but  three  of  the  tamarack.  Such  a  transition  from  Larix  to  Acer  rubrum  occurs 
naturally  in  all  tamarack  bogs  in  Indiana  (Swinehart,  in  prep).  Tamarack  are 
opportunists  and  colonize  areas  where  competition  for  light  is  minimal  (Duncan, 
1954).  In  the  southern  portions  of  its  range,  tamarack  survives  in  hydric  conditions 
until,  as  the  site  becomes  more  mesic,  it  is  overtaken  by  shade-tolerant  arborescent 
species  (Deam,  1940).  LeBarron  and  Neetzel  (1942)  concluded  that  the  drainage 
of  bogs  accelerates  the  growth  and  production  of  hardwood  trees  that  eventually 
replace  the  conifers.  Their  conclusion  is  supported  by  the  changes  documented 
at  Tamarack  Bog. 

Drainage-induced  senescence  in  Tamarack  Bog  led  to  drastic  changes  in  the 
plant  community  in  less  than  80  years.  Several  plant  species  that  are  indicative 
of  open  bog  communities  were  noted  by  early  20th  century  botanists.  Charles 
Deam  reported  Andromeda  glaucophylla  (bog  rosemary)  in  1920  (Indiana 
Department  of  Natural  Resources,  1992),  and  Ray  Friesner  reported  Sarracenia 
purpurea  (purple  pitcher  plant)  and  Vaccinium  oxycoccos  (small  cranberry)  in 
1935  and  1938,  respectively  (Indiana  Department  of  Natural  Resources,  1992). 
The  present  study  confirms  the  reports  of  A.  glaucophylla  and  Vaccinium  sp. 
(cranberry)  through  the  recovery  of  leaf  subfossils  embedded  in  the  surface  peats 
of  the  bog.  In  addition,  subfossils  of  Chamaedaphne  calyculata  (leatherleaf) 
leaves  were  recovered.  These  species  are  typical  of  open  Sphagnum  bogs.  Dryer 
(1901),  Blatchley  and  Ashley  (1901),  Deam,  and  Friesner  all  reported  extensive 
stands  of  tamarack  and  characterized  the  community  as  a  tamarack  swamp  or 
tamarack  bog.  All  of  these  plants,  except  for  a  few  tamarack,  have  now  died  out 
in  the  bog. 

Prior  to  this  study,  the  only  recent  floral  survey  of  Tamarack  Bog  was 
conducted  in  1972  by  Alton  A.  Lindsey  (unpubl.  field  notes).  He  reported  the 
presence  of  Vaccinium  macrocarpon  (American  cranberry)  and  Cypripedium 
acaule  (pink  lady's  slipper)  among  other  common  bog  plants.  At  the  time  of 
Lindsey' s  visit,  only  25-30  living  tamarack  remained. 

Currently,  Vaccinium  macrocarpon  has  been  extirpated  in  the  bog,  and 
tamarack  has  been  reduced  to  three  living  individuals.  The  numbers  of 
Cypripedium  acaule  have  remained  stable  (Swinehart,  1994).  Lindsey  (pers. 
comm.,  1993)  stated  that  the  canopy  of  the  Acer  rubrum  forest  had  almost 
completely  closed  since  his  observations  in  1972,  when  the  bog  was  relatively 
open.  The  transition  to  a  forest  dominated  by  Acer  rubrum  has  resulted  in  a 
decrease  in  the  number  of  bog  species,  including  Sphagnum,  and  an  increase  in 
the  number  of  more  common  swamp  species  (Swinehart,  1994). 

The  dense  canopy  of  red  maple  limits  the  understory  flora  to  shade-tolerant 
species.  In  addition  to  shade-tolerance,  plants  in  the  bog  must  also  be  tolerant  of 
saturated  soils  and  extremely  low  pH  and  conductivity.  Values  for  pH  ranged 
from  3.5  to  4.3  within  the  tamarack  zone  and  between  3.5  and  6.3  in  the 
surrounding  wetland  (Figure  3).  Conductivity  was  45  uMHOS.  Many  of  the  plants 
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Table  3.  The  percent  frequency,  percent  cover,  and  importance  values  (I.V.)  for 
the  vegetation  in  the  wetland  surrounding  Tamarack  Bog. 


Layer/Species 

Frequency  (%) 

Cover  (%) 

I.V. 

Shrub  Layer 

Vaccinium  corymbosum 

8 

2 

2 

Ilex  verticillata 

8 

1 

1 

Aronia  melanocarpa 

5 

1 

1 

Lindera  benzoin 

5 

1 

1 

Acer  spp. 

3 

< 

1 

<  1 

Cornus  foemina 

3 

< 

1 

<  1 

Rhamnus  alnifolia 

3 

< 

1 

<  1 

Herbaceous  Layer 

Impatiens  capensis 

35 

11 

14 

Maianthemum  canadense 

73 

6 

12 

Rubus  hispidus 

57 

6 

11 

Acer  spp. 

59 

2 

8 

Rubus  allegheniensis 

35 

3 

7 

Dryopterus  spinulosa 

41 

2 

6 

Trientalis  borealis 

38 

2 

6 

Osmorhiza  claytonii 

16 

2 

4 

Ilex  verticillata 

16 

1 

3 

Osmunda  cinnamomea 

16 

1 

3 

Aronia  melanocarpa 

16 

< 

1 

3 

Toxicodendron  radicans 

14 

1 

2 

Viola  spp. 

14 

1 

2 

Prunus  serotina 

14 

< 

1 

2 

Galium  spp. 

11 

1 

2 

Smilacina  racemosa 

8 

< 

1 

1 

Urtica  p  roc  era 

8 

< 

1 

1 

Arisaema  triphyllum 

5 

1 

1 

Onoclea  sensibilis 

5 

< 

1 

<  1 

Thelypterus  palustris 

5 

< 

1 

<  1 

Fraxinus  pennsylvanica 

3 

< 

1 

<  1 

Quercus  palustris 

3 

< 

1 

<  1 

Ranunculus  recurvatus 

3 

< 

1 

<  1 

Rosa  palustris 

3 

< 

1 

<  1 

Ulmus  americana 

3 

< 

1 

<  1 

Osmunda  regalis 

- 

- 

- 

Ground  Layer 

Pallavicinia  lyellii 

32 

1 

4 

Mnium  cuspidatum 

22 

1 

3 

Lophcolia  heterophylla 

14 

< 

1 

2 

Thuidium  delicatulum 

11 

1 

2 

Aulacomnium  palustre 

3 

< 

1 

<  1 
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Table  4.  The  microorganisms  and  aquatic  macrofauna  of  Tamarack  Bog. 


Microflora 


Microfauna 


Macrofauna 


Bacillariophyta 

Achnanthes  sp. 
Diatoma  sp. 
Eunotia  sp. 
Navicula  sp. 
Pinnularia  sp. 


Chrysophyta 

Chrysosphaerella  sp. 
Mallomonas  calceolis 
Synura  petersenii 

Euglenophyta 

Euglena  arcus 
Eutreptia  viridis 

Chlorophyta 

Ulothrix  sp. 
Unidentified  coccoid 


Sarcodina 

Acanthocystis  sp. 
Actinosphaerium  sp. 
Amoeba  sp. 
Arcella  sp. 
Difflugia  sp. 
Nebela  sp. 

Ciliophora 

Spathidium  sp. 
Spirostomum  sp. 


Rotifera 

Monostyla  sp. 

Platyhelminthes 

Stenostomum  sp. 

Crustacea 

Cyclops  sp. 
unidentified  isopod 
unidentified  orbatid  mite 

Insecta 

Celina  sp. 

unidentified  mosquito  larvae 


Amphibia 

Pseudacris  crucifer 
Rana  clamitans 
Rana  sylvatica 


that  can  survive  in  these  conditions  are  bog  plants  that  require  full  sunlight.  The 
low  light  conditions  in  Tamarack  Bog  coupled  with  the  acidic,  saturated  soil  may 
account  for  the  relatively  low  number  of  species  and  sparse  subcanopy  cover. 
These  conditions  may  also  account  for  the  recent  extirpation  of  pitcher  plant, 
cranberry,  bog  rosemary,  and  leatherleaf. 

Extant  Flora.  Twenty-six  vascular  plants  and  12  bryophytes  were  found 
within  the  primary  sampling  area  (Table  2).  Many  of  these  species  are  remnant 
bog  species.  Vaccinium  corymbosum  (high-bush  blueberry)  and  Ilex  verticillata 
(winterberry  holly)  dominate  the  shrub  layer.  Toxicodendron  vernix  (poison 
sumac),  Aronia  melanocarpa  (chokeberry),  and  Nemopanthus  mucronatus 
(mountain  holly)  are  poorly  represented,  probably  due  to  shading.  Decadent 
tamarack  bog  species  in  the  herbaceous  layer  included  Maianthemum  canadense 
(Canada  mayflower),  Trientalis  borealis  (starflower),  Osmunda  cinnamomea 
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(cinnamon  fern),  Rubus  hispidus  (northern  raspberry),  Cypripedium  acaule, 
Lycopodium  lucidulum  (shining  club  moss),  and  Lycopodium  obscurum  (running 
ground  pine). 

Although  several  bryophytes  occupy  the  ground  layer  (Table  2),  only  four 
taxa  grow  directly  on  exposed  peat:  Sphagnum  palustre,  S.  recurvum  var.  tenue, 
Aulacomnium  palustre,  and  Pallavicinia  lyellii.  All  are  acidophiles  common  to 
bogs.  Sphagnum  palustre  grows  on  saturated  peat  in  the  bog,  while  S.  recurvum 
is  more  common  in  wet  or  inundated  depressions.  Pallavicinia  lyellii  is  unusually 
abundant  and  is  the  dominant  bryophyte  throughout  the  bog,  growing  on  exposed 
peat  hummocks  and  protruding  tamarack  stumps.  The  dominance  of  P.  lyellii  is 
characteristic  of  old  tamarack  bogs  in  Indiana  (Swinehart,  in  prep). 

The  remnant  bog  community  is  situated  directly  over  the  deepest  portion  of 
the  basin,  which  has  a  maximum  depth  of  10  m  (Figure  3).  Its  position  seems 
related  to  the  water-level  dynamics  caused  by  drainage.  The  semi-flocculant, 
inundated  peat  began  to  compress  as  water  levels  were  lowered.  This  subsidence 
created  dimples  in  the  surface  of  the  peatland  that  remained  inundated  and 
consequently  more  resistant  to  invasion  by  typical  swamp  species  due  to  high 
acidity,  low  oxygen,  and  a  dearth  of  available  nutrients.  Based  on  the  elevation 
of  Old  Bear  Lake  (approximately  903  ft  (Dryer,  1901))  and  the  current  elevation 
of  the  bog  (900  ft),  the  surface  of  the  peatland  subsided  as  much  as  one  meter. 
Subsidence  was  proportional  to  the  volume  and  density  of  the  peat  within  the 
respective  subbasins.  Differential  subsidence  may  account  for  the  patches  of 
inundated  peat  and  the  occurrence  of  the  most  conspicuous  remnant  bog 
communities  being  situated  over  the  deepest  portions  of  the  basin  (Figure  3).  The 
surrounding  areas  are  drier  and  have  a  flora  more  characteristic  of  a  swamp  (Table  3). 
Tamarack  remains  in  these  peripheral  areas  exist  only  as  weathered  stumps  and 
rootstocks. 

Microorganisms.  Microorganisms  in  the  waters  of  Tamarack  Bog  are 
indicative  of  acidic  conditions.  Acidophilic  testate  and  atestate  amoebae  were 
represented  by  six  taxa  (Table  4).  Silica-scaled  chrysophytes  were  poorly  represented: 
Mallomonas  calceolis  is  indicative  of  dystrophic  waters,  and  Synura  petersenii 
is  found  in  a  wide  range  of  water  conditions  (Wujek  and  Swinehart,  1995). 
Desmids,  which  are  normally  common  in  bog  waters,  were  absent,  although 
nearby  Sphagnum  bogs  harbored  a  diverse  community  (Swinehart,  1994).  The 
lack  of  desmids  in  Tamarack  Bog  is  attributed  to  the  low  light  intensity. 

Fauna.  Aquatic  animals  were  limited  to  species  tolerant  of  low-oxygen, 
acidic  conditions  where  primary  productivity  is  extremely  limited  (Table  4).  The 
most  common  arthropods  in  the  stagnant  pools  were  dytiscid  beetles  (Celina  sp.), 
isopods,  and  mosquito  larvae.  Several  species  of  mature  anurans  were  noted  in 
the  bog,  but  no  larvae  were  found  inhabiting  the  bog  waters. 

Restoration.  Restoration  of  a  small  portion  of  Tamarack  Bog  has  been 
initiated.  A  400-m2  plot  was  established  around  two  of  the  three  remaining 
tamarack.  Thirteen  permanent  quadrats  (1  m2)  were  established  for  sampling  the 
herbaceous  vegetation  within  the  plot.  Four  100-m2  quadrats  were  established  to 
sample  the  shrubs.  Frequency,  cover,  and  importance  values  (as  well  as  density 
and  diameter  at  breast  height  for  the  trees)  were  obtained  for  the  vegetation  before 
all  the  trees  and  shrubs  were  removed  from  the  plot. 
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Several  changes  have  been  noted  after  one  year.  The  substrate  in  the  plot, 
which  was  previously  devoid  of  Sphagnum,  has  been  colonized  by  large  patches 
of  Sphagnum  palustre  (31%  by  frequency;  3%  by  cover).  Carex  trisperma  (a  rare 
bog  sedge  in  Indiana)  has  formed  extensive  lawns,  although  previously  it  was  not 
found  within  the  plot.  Plantings  of  Vaccinium  macrocarpon  from  a  nearby  bog 
have  been  successful,  and  significant  vegetative  expansion  has  since  occurred. 

Initial  observations  on  the  study  plot  have  shown  that  removal  of  the  sapric 
peat  that  overlies  the  fibric  peat  limits  the  growth  of  swamp  shrubs  and  favors 
Sphagnum  and  other  bog  plants.  Removal  of  the  remainder  of  this  layer  is  planned, 
and  the  subsequent  viability  of  prospective  seed  banks  will  be  examined.  The 
mitochondrial  DNA  of  prospective  introductions  will  be  compared  to  that  of  the 
subfossils  in  the  peat  to  insure  the  genetic  integrity  and  evolutionary  viability  of 
the  system.  The  plot  will  continue  to  be  monitored  on  an  annual  basis. 

CONCLUSION 

The  relative  rarity  of  bogs  in  Indiana  justifies  their  preservation  for 
conservational  and  educational  purposes.  These  unique  "southern"  bog 
communities  provide  a  rare  educational  resource  for  local  citizens.  Bogs  are 
useful  in  teaching  floral  adaptations,  ecological  succession,  and  the  relationships 
between  glacial  processes  and  existing  ecosystems.  Since  Tamarack  Bog  occurs 
within  the  boundaries  of  the  Merry  Lea  Environmental  Center  of  Goshen  College, 
a  center  providing  environmental  education  programs  for  area  residents, 
successful  restoration  of  a  small  portion  of  the  bog  will  provide  an  excellent  and 
accessible  educational  resource  that  would  otherwise  be  unavailable. 
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